Picosecond  pulsed laser microstructuring of metals for microfluidics by Arnaldo del Cerro, Daniel
	
	







	

	
	


PICOSECOND PULSED LASER
MICROSTRUCTURING OF METALS
FOR MICROFLUIDICS
Daniel Arnaldo del Cerro
The research leading to these results has received
funding from the European Community’s Seventh
Framework Programme FP7/2007-2013 for the Clean
Sky Joint Technology Initiative (JTI) under grant
agreement N◦ CSJUGAM-SFWA-2008-001.
Composition of the graduation committee:
Chairman and secretary:
prof.dr. G.P.M.R. Dewulf, University of Twente
Promoter and assistant-promoters:
prof.dr.ir. A.J. Huis in ‘t Veld, University of Twente
dr.ir. G.R.B.E. Römer, University of Twente
dr.ir. M.B. de Rooij, University of Twente
Members:
prof.dr.ir. R. Akkerman, University of Twente
prof.dr.-ing. S. Barcikowski, University of Duisburg-Essen
prof.dr.ir. J.M.J. den Toonder, Eindhoven University of Technology
prof.dr.ir. R.G.H. Lammertink, University of Twente
prof.dr.ir. D. Lohse, University of Twente
The work described in this thesis was performed at the group of Mechani-
cal Automation of the Faculty of Engineering Technology, Chair of Applied
Laser Technology, University of Twente, P.O. Box 217, 7500 AE Enschede,
The Netherlands.
Picosecond pulsed laser microstructuring of metals for microfluidics
Arnaldo del Cerro, Daniel
ISBN 978-90-365-3726-1
©2014 D. Arnaldo del Cerro, Enschede, The Netherlands.
Printed by Gildeprint, Enschede, The Netherlands.
PICOSECOND PULSED LASER
MICROSTRUCTURING OF METALS
FOR MICROFLUIDICS
DISSERTATION
to obtain
the degree of doctor at the University of Twente,
on the authority of the rector magnificus,
Prof.dr. H. Brinksma,
on account of the decision of the graduation committee,
to be publicly defended
on Thursday 2nd of October 2014 at 16.45 hours
by
Daniel Arnaldo del Cerro
born on 5 November 1980
in Luarca (Spain)
This thesis has been approved by
prof.dr.ir A.J. Huis in’t Veld, promoter
dr.ir. G.R.B.E. Römer, assistant-promoter
dr.ir. M.B. de Rooij, assistant-promoter.
Contents
Abstract i
List of publications iii
Nomenclature v
Abbreviations vii
1. Introduction 1
1.1. Fluidics & microstructures . . . . . . . . . . . . . . . . . . . . . 1
1.2. Surface micro-structuring with pulsed lasers . . . . . . . . . . . 2
1.3. Problem definition . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4. Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
I. Surface micro-structuring with short laser pulses 7
2. State of the art 9
2.1. Surface microstructuring with pulsed lasers . . . . . . . . . . . 9
2.2. Fundamentals of laser–material interaction . . . . . . . . . . . . 11
2.3. Laser ablation with long laser pulses . . . . . . . . . . . . . . . 14
2.4. Laser ablation with short & ultra-short laser pulses . . . . . . . 16
2.5. Laser-generated functional microstructures . . . . . . . . . . . . 22
2.6. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3. Surface microstructuring with short & ultra-short laser pulses 25
3.1. Simulation of a micro-machining process . . . . . . . . . . . . . 25
3.2. Calculation of the average ablated profile . . . . . . . . . . . . 26
3.2.1. Calculation of energy diffusion depths . . . . . . . . . . 27
3.2.2. A simplified analytical model . . . . . . . . . . . . . . . 30
3.3. Modelling a laser micromachining process . . . . . . . . . . . . 32
3.4. Simulation of a micro–machining process . . . . . . . . . . . . . 35
3.5. Evaluation of geometrical requirements . . . . . . . . . . . . . . 37
3.6. Application range . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.7. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4. Empirical model & validation 41
4.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.2. Experimental setup, material and methods . . . . . . . . . . . . 41
4.3. Process window & pulse energy range . . . . . . . . . . . . . . 44
4.4. Calculation of ablated profiles . . . . . . . . . . . . . . . . . . . 47
4.5. Pulse frequency range . . . . . . . . . . . . . . . . . . . . . . . 50
4.6. Simulation & validation of a surface microstructuring process . 52
4.7. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
II. Laser-generated functional microstructures 63
5. Laser-generated functional microstructures 65
5.1. Introduction to part II . . . . . . . . . . . . . . . . . . . . . . . 65
5.2. Superhydrophobic surfaces . . . . . . . . . . . . . . . . . . . . . 65
5.3. Leidenfrost point reduction on microstructured surfaces . . . . 66
5.4. Capillary droplets on Leidenfrost micro-ratchets . . . . . . . . . 67
6. Superhydrophobic surfaces 69
6.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
6.2. Wetting of solid surfaces . . . . . . . . . . . . . . . . . . . . . . 69
6.3. Wetting of rough substrates: Cassie–Baxter and Wenzel states 71
6.4. Wetting properties of dual-scaled rough surfaces . . . . . . . . 74
6.5. Design of laser micromachined superhydrophobic surfaces . . . 76
6.6. Experimental analysis . . . . . . . . . . . . . . . . . . . . . . . 82
Paper A: Picosecond laser machined designed patterns
with anti-ice effect 83
Paper B: Ultra short pulse laser generated surface textures
for anti-ice applications in aviation 85
7. Surface microstructuring for the Leidenfrost Effect 87
7.1. The Leidenfrost effect . . . . . . . . . . . . . . . . . . . . . . . 87
7.2. Surface microstructuring for decreasing the Leidenfrost Point . 88
7.2.1. Film boiling and bubble nucleation on rough substrates 89
7.3. Design of laser micromachined microstructures for the Leiden-
frost effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
7.4. Experimental analysis . . . . . . . . . . . . . . . . . . . . . . . 92
Paper C: Leidenfrost Point Reduction on Micropatterned
Metallic Surfaces 95
7.5. Self–propelled capillary drops
on asymmetric surface microstructures . . . . . . . . . . . . . . 97
7.6. Design of laser-generated micrometric ratchets . . . . . . . . . 99
7.7. Experimental analysis . . . . . . . . . . . . . . . . . . . . . . . 104
Paper D: Capillary droplets on Leidenfrost micro-ratchets 105
8. Conclusions & Future work 107
8.1. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
8.2. Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
Bibliography 113
Appendices 127
Surface profile smoothening by weighted local linear regression 129
Physical properties of selected materials 131
Numerical calculation of surface areas 133
Acknowledgments 137

Abstract
Micromachining with short and ultra-short laser pulses has evolved over the
past years as a versatile tool that can be employed for the creation of mi-
crostructured surfaces. A microstructured surface modifies the way a fluid
interacts with a solid surface. Surface microstructuring can then be employed
to provide surfaces with certain functionalities. By proper adjustment of the
laser machining conditions, well defined surface topographies can be created
with sufficient accuracy. This allows to investigate the fluid/microstructured
surface interactions. However, the relation between the applied laser parame-
ters and the shape of the emerging microstructure has not been systematically
studied in literature.
This thesis is dedicated to the study of some of the mechanisms underlying
different fluid/microstructured surface interactions. First, an empirical model
is developed for the prediction of the surface topography emerging from a
process driven by short laser pulses. To this end, average ablated profiles are
measured and employed for the simulation of the laser microstructuring pro-
cess. The accuracy of the model is assessed by establishing a direct comparison
between simulated and measured surface profiles. The model is shown to accu-
rately reproduce the surface topography obtained from a laser micromachining
process, within a certain processing window.
Next, the developed model is employed as a tool for the design of fluidic mi-
crostructures, as well as for the investigation of different fluidic functionalities,
based on the generated microstructures. Moreover, simplified models are intro-
duced, to relate the geometry of a microstructure to the fluid-microstructure
interaction. This allows the calculation of the laser processing parameters that
are required to obtain a desired functional microstructured surface. Further-
more, modifying key geometrical parameters, for example depths or slopes
of the microstructure, allows investigating some of the fluidic mechanisms
responsible for the functionality. Hence, additional knowledge on the fluid-
microstructured surface interaction is gained by this approach.
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1 | Introduction
1.1. Fluidics & microstructures
The interaction between fluids and solid surfaces manifests itself in a number
of daily situations. It determines for example the shape of water drops sitting
on a glass window after a rainy day. It also explains how certain insects, such
as the Gerridae (water strider), are capable of sliding on the surface of water
ponds. From a technical point of view, the friction experienced by a fluid
as it flows close to a wall, is a critical parameter determining, e.g. the fuel
consumption of an airplane, or the pressure losses along a pipeline.
Regardless the length scale of the system under consideration, the nature of
these fluid-surface interactions lies at the inter-phase phenomena occurring at
a microscopic level. A surface topography, i.e., the shape, size, orientation and
spatial distribution of the surface features, in combination with the particular
chemical composition of both the liquid and the surface, determine the fluid-
solid surface interactions.
Perhaps one the most remarkable examples of a surface functionality which
is given by a micro-metric sized surface topography can be found in nature.
(a) (b)
Figure 1.1.: The water repelling ability of the Lotus leaf, (a), is a result of a dual scaled
micro- and nano-structured surface which is covered with hydrophobic
waxes, (b). Image (a) © User:Saperaud / Wikimedia Commons / CC-
BY-SA-3.0. Image (b) courtesy of W. Barthlott.
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(a) (b)1 mm 20 µm
Figure 1.2.: A water drop sitting on top of a laser micromachined microstructure (a),
and a SEM micrograph of the surface (b).
That is, certain leaves, like that of the Nelumbo nucifera (Lotus leaf) show an
extremely water repellent surface, see figure 1.1. On these leaves, water drops
bead up and easily roll off, taking away contaminants from the surface. This
functionality can in part be attributed to the particular micrometric structure
of the leaf, as was determined by Barthlott et al. in the late 1990s [1].
The surface micro-structure of the Lotus leaf has been mimicked by modern
microfabrication techniques, to create artificial water repellent substrates [2–
5]. These substrates mimic comparable surface features of the leaf, both in size
and shape. The resulting water repellent properties were found to be similar or
superior to those of the leaf [2–7], see figure 1.2. Moreover, a detailed analysis
of the phenomena and the mechanisms leading to water repellency, allowed
for a generalization of the effect. For example, Tuteja et al. accomplished the
creation of a new micro-structure with oleophobic properties, that is, a surface
capable of repelling non-polar organic liquids [8]. This shows how the study
and design of a surface topography can be exploited to render surfaces with
novel functionalities.
1.2. Surface micro-structuring with pulsed lasers
Creating functional surfaces requires an interdisciplinary approach, to design
adequate surface profiles with respect to a particular fluid-microstructure in-
teraction. To this end, different micro-fabrication techniques can be employed
for the generation of these micro-structures on various materials.
Laser microstructuring with pulsed laser sources can be successfully em-
ployed as a microfabrication technique. Pulsed laser sources, particularly with
pulse durations in the picosecond and femtosecond regime, have been increas-
ingly employed for the creation of micro-metric sized features [9, 10]. These
micro-metric sized features emerge as the result of a direct laser-induced ma-
terial removal process, which is initiated by the absorbed optical energy. More
specifically, in laser microfabrication, the energy of a laser pulse can be tightly
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Figure 1.3.: A focused laser beam is employed for material processing (a). A laser
beam can be scanned across an area to create micrometric surface to-
pographies (b).
confined into a micro-metric sized focal spot. The absorbed energy triggers
then different phase changes, leading to material removal, see figure 1.3(a).
In this approach, a laser pulse removes a thin layer, typically of a few tens of
nanometer. The high repetition rate of modern laser sources, which can reach
up to several tens of GHz [11], allows for increased processing speeds. Beam
guiding and focusing techniques allow scanning of the laser spot in arbitrary
2D patterns over the surface of the material, from which the resulting micro-
structure emerges, see figures 1.2(b) and 1.3(b). As a focused beam interacts
with an area, with a size comparable to that of the focal spot, most areas of
the substrate remain unaffected and, therefore, undamaged. The local modi-
fication allows accurate processing of a wide range of materials, but limits in
turn the processing speed.
Unfortunately, the relation between the created micro-structure and the
achieved (fluidic) functionality has been only partially studied and discussed
in literature. The surface evolution upon laser-induced material removal, to-
gether with key processing parameters like pulse energy, or pulse spatial dis-
tribution is not well known. In addition, a model capable of predicting and
relating topographical laser-induced changes of the surface with the achieved
(fluidic) functionality is missing.
1.3. Problem definition
This thesis is dedicated to the study of the phenomena occurring at the in-
terface between a fluid and the surface of a laser-induced micro-structured
substrate. Periodic surface micro-structures with a well-defined geometry are
created by processing selected substrates with ultra-short laser pulses. Ulti-
mately, the physical mechanisms that are responsible for the interactions can
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be demonstrated, along with the required surface topography leading to the
functional surface.
Only a limited number of studies aimed at predicting surface topographies
after processing with short and ultra-short laser pulses are available in litera-
ture. Moreover, the accuracy of the predicted surface topography in these few
studies is insufficient for studying the effects of a (changing) topography on
a particular fluid/micro-structure interaction. That is because small changes
on local slopes or depths of the topography can have a significant influence
on the fluidic interaction. Therefore, the problem addressed in this thesis is
defined as:
“Develop a method to be employed for the prediction of a surface profile
emerging from a material removal process by ultra-short laser pulses, to an
extent allowing the design of a functional surface and study a particular fluid
/ microstructured surface interaction.”
Two derived questions can be inferred from this problem definition, to which
the two main parts of this thesis are dedicated:
I) Is it possible to predict, for a given short pulsed laser source and processing
conditions, the resulting geometry of the features on the surface of a substrate?
And secondly;
II) What additional knowledge can be gained regarding the interaction of a
particular fluid with a microstructured surface obtained by ultra-short pulsed
laser processing?
Some of the mechanisms which are responsible for the particular fluid/micro-
structured surface interaction are not fully understood. By proper adjustment
of the laser machining conditions, well defined surface topographies can be cre-
ated with sufficient accuracy. The method to be developed should then allow
for a systematic study of a changing surface topography, with respect to the
fluid micro-structure interaction. Further, the method can be exploited as a
design tool to directly obtain processing conditions leading to the functional
surface. In addition, a proper selection of processing parameters can substan-
tially minimize the required time for laser processing, which is currently one of
the main limitations for industrial application of laser micro-machining with
ultra-short laser pulses.
1.4. Thesis outline
This thesis is divided into two main parts. The first part addresses the first
research question mentioned above. That is, a method is developed and dis-
cussed which predicts the generated surface topography for a given material,
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laser setup and processing conditions. The limitations and, thus, the applica-
bility range of the method are also discussed.
Chapter 2 introduces previous work aimed at predicting a surface topog-
raphy resulting from a laser microstructuring process. The different reported
modelling approaches are discussed in terms of accuracy and applicability for
predicting the resulting fluidic functionality of the generated microstructure.
Chapter 3 addresses the fundamentals of material processing with short and
ultra-short laser pulses. A method is proposed for the prediction of the surface
evolution upon material removal with ultra-short laser pulses. Chapter 4 is
aimed at the experimental validation of the proposed method, in order to find
the range of application of the model for a selected combination of material &
laser source.
The second part of the thesis addresses the second research question. Chap-
ter 5 introduces several examples of laser-generated functional microstructures.
Chapters 6 and 7, employ the method developed in chapter 3 to determine
suitable geometries leading to a desired fluid/microstructure interaction. Dif-
ferent micro-structures are created to investigate experimentally the effect of
a geometry on the fluidic functionalities. The added functionalities are ex-
plained based on the created topographies.
Finally, chapter 8 presents conclusions of the proposed approach, including
suggestions for further research.

Part I.
Surface micro-structuring
with short laser pulses

2 | State of the art
This chapter describes the state of the art in the creation of surface microstruc-
tures by short and ultra-short laser pulses. Existing attempts to predict a
surface topography, and the resulting added fluidic functionality after a laser
microstructuring process, are presented. The different reported modelling ap-
proaches are then discussed in terms of accuracy and applicability for microflu-
idics.
2.1. Surface microstructuring with pulsed lasers
The material removal process by means of pulsed lasers is commonly referred
to as laser ablation [12]. The surface modification created by laser ablation
from a single pulse, in terms of shape and dimensions, is here referred to as
an ablated profile. This ablated profile is denoted as h(x,y), where (x,y) are
the coordinates of a point lying in a horizontal plane, and h is the vertical
coordinate, or depth (in meters), at that point. Fundamental research into
the laser material interactions leading to ablation, and to the prediction of
the resulting ablated profile h(x, y), have been extensively pursued both for
practical and scientific reasons. Determining single pulse ablated profiles,
h(x, y), is a first step in order to calculate a surface profile, H(x, y), that is the
microstructure emerging from a micromachining process involving numerous
laser pulses.
The calculation of an ablated profile h(x, y) from the laser & material param-
eters requires to consider the main physical mechanisms of the laser-material
interaction. That is, a laser pulse arriving at an absorbing medium initi-
ates several mechanisms upon absorption, that may result into phase changes,
so material is removed from the target. Models for laser ablation can be
categorized by the duration of the pulse. That is because different physical
mechanisms drive the process as the pulse duration is varied, see figure 2.1. It
should be noticed that there is not a sharp transition between a short and a
long pulse processing regime.
In this work, a laser pulse is considered to be long when its duration is above
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Figure 2.1.: Laser ablation with long (a), and ultra-short (b) laser pulses. Material
processing with long laser pulses is characterized by large(r) ablation
rates and diffusion of energy deeper into the material than in the case of
processing with ultra-short laser pulses. Processing with ultra-short laser
pulses leads to reduced ablation rates and a limited heat diffusion into the
bulk, which does, in turn, increase the accuracy of a laser micromachining
process.
a certain calculated critical value, typically in the order of one nanosecond,
and short when below, that is, pulse durations in the pico- and femtosecond
regimes. The reasons for this division on the basis of pulse duration are dis-
cussed qualitatively in sections 2.3 & 2.4, as will be shown, the pulse duration
has practical consequences for the calculation of ablated profiles, and thus for
the design and selection of a laser micromachining process. The numerical
calculation of critical pulse durations is discussed in more detail in chapter 3,
section 3.2.1.
Because the response of a material to the irradiation conditions depends
strongly on the temporal intensity profiles of a laser pulse, different modelling
approaches have been developed, to account for the different phenomena char-
acterizing the short and long pulse duration regimes. It should be noted that
some of these mechanisms, which are responsible for the material removal pro-
cess, are still under investigation. Previous research efforts have been aimed
at demonstrating fundamental mechanisms of ablation, rather than at pre-
dicting a particular ablated, h(x,y), or surface profile, H(x,y), for given laser
processing conditions.
However, it has been shown that laser ablation with (ultra) short laser pulses
is a suitable technique for the creation of microstructures with a relatively high
degree of control on the resulting geometry [9, 10], and providing a substrate
with a variety of functionalities, which are discussed in section 2.5.
The selection of the laser processing conditions leading to a particular func-
tional microstructure is not a trivial task. That is because a microstructuring
process requires to consider, together with the ablation process, the changes
on a surface profile created by material removal from subsequent laser pulses.
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Further, the strategy of guiding (or the trajectory of) the laser spot over the
surface of the substrate, i.e., the “location” of the laser pulses across the area
to be processed has to be selected.
Then, the creation of a functional microstructure requires first studying the
laser ablation process, to determine the mechanisms leading to material re-
moval. This step allows for the calculation of ablated profiles, h(x, y), which
are necessary, in a next step, for the design of a microstructuring process
(strategy), and the creation of a functional surface. The next sections sum-
marize previous work on modelling laser ablation, calculating ablated profiles,
and the creation of microstructures by pulsed lasers, including both the long
and short pulse regimes.
2.2. Fundamentals of laser–material interaction
This section presents a summary on the state of the art in understanding
the physical phenomena occurring during laser ablation. The response of
a material upon irradiation with laser pulses follows a sequence of possibly
overlapping phenomena, depending on the pulse duration, intensity and the
physical properties of the substrate [13]. That is, the ablated profile h(x, y)
created on a substrate by laser pulses is determined by a combination of the
following phenomena:
• absorption of laser energy,
• establishment of an electron temperature,
• thermalization of the lattice,
• phase changes, including ablation, and
• dissipation of residual energy,
which will be discussed in more detail below.
Absorption
The first step in the laser material interaction consists of the absorption of
optical energy by the substrate. The energy transfer starts via the interaction
of photons with optically active excitations, like the free electrons in the con-
duction band of a metal [14]. An optically active excitation is an energy state
that can be excited by a photon. In semiconductors, the incident photons can
interact with, for example, electron-hole pairs, vacancies or other energetic
states, like those associated with defects or impurities [14]. In insulators, the
optically active excitations are electrons forming the covalent bonds of the
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lattice. Due to their large band gap, a direct excitation of these electrons in
insulators only occurs if the photon has sufficiently high energy.
Different non-linear processes, like multiple photon absorption, also con-
tribute to the absorption of optical energy, particularly at the high intensities
of an ultra-short laser pulse [13, 14]. The existence of defects in a crystalline
structure, like vacancies or dopants, can enhance (non-linear) absorption [14].
Once the conduction band has reached sufficient occupancy, processes related
to avalanche ionization, are responsible for creating a sufficient amount of free
carriers, which results in further linear absorption of optical energy via inverse
Bremsstrahlung [15].
In the case of a metal, the electrons already occupy the conduction band,
thus linear absorption is the dominant absorption mechanism [14].
Establishment of an electron temperature
After the electrons absorbed the laser energy, a temperature distribution is es-
tablished in the electron gas. Figure 2.2 shows the redistribution of energy in
the electron subsystem due to absorbed laser energy, showing the occupancy of
density of energy states upon absorption of optical energy, from room temper-
ature conditions, (a), during excitation, (b), and after further thermalization
of the electron subsystem. This establishment of a temperature distribution
within the electron gas occurs via electron-electron scattering. This process
requires a certain time, approximately of a few tens of femtoseconds [16]. Dur-
ing this time interval, diffusion of ballistic electrons into the bulk takes place,
see figure 2.2(b). If the laser pulse duration is comparable to this time scale,
the ballistic motion of electrons has to be considered for an accurate calcu-
lation of penetration depth of the absorbed laser energy. The required time
for thermalization of the electron gas increases the penetration length (depth)
of the absorbed energy beyond the optical penetration depth, δ. The later is
related to the linear absorption coefficient α as δ = 1/α.
Thermalization of the lattice
The electron subsystem dissipates its energy into the lattice at a rate, which is
related to the so-called electron-phonon coupling strength, which is a material
property. The lattice is usually considered to increase its temperature as a
result of electron-phonon collisions, that is, the lattice can be modeled as
an array of oscillators, being a phonon the energy level associated to the
vibration of the lattice [17]. The characteristic relaxation time required for the
thermal equilibrium between electron and lattice ranges from about 1 to 100
picoseconds, depending on the material under consideration [14, 18]. Hence,
the diffusion of energy into the bulk depends on the transfer rate of energy
between the thermalized electron system and the lattice. As a consequence,
the electron-phonon coupling time has then to be considered for the calculation
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Figure 2.2.: Establishment of an electron temperature distribution upon absorption of
optical energy; (a) occupancy of density of states (DOS) at energy levels,
E, corresponding to room temperature, T, (b) transitional energy redis-
tribution upon absorption of a photon of energy hν, where h is Planck’s
constant and ν is the photon frequency, and (c) re-establishment of an
energy distribution upon electron thermalization. Adapted from Weller-
shoff et al. [16].
of the temperature rise of the lattice.
Phase changes: Ablation
Phase changes in the material may occur when the absorbed intensity reaches a
sufficient level. In general, two different ablation regimes have been reported in
literature, when processing with short laser pulses [19]. A low fluence regime,
in which the maximal depth of the ablated volume is of the same order of
magnitude as the optical penetration depth, and a high fluence regime. The
later, commonly referred to as the thermal regime, is characterized by higher
ablated depths, and a reduced machining quality when compared to processing
conditions within the optical regime.
Typical removal depths per pulse in the long pulse regime are measured to
be in the micrometric range [12]. This relatively large removal rate implies a
reduced processing time, but limits, in turn, the accuracy of the microstruc-
turing process. The ejection of molten residues and recast material in this
fluence regime is prominent, which further reduces the accuracy. As an ex-
ample, figure 2.3 shows the qualitative effects of the pulse duration on the
resulting ablated profile on a stainless steel substrate. As the pulse duration
is varied from 200 femtoseconds (a), to 80 picoseconds (b) and 3.3 nanosec-
onds (c), the amount of recast and molten material significantly increases.
For these reasons, it is difficult to create microstructures with a predefined
geometry when processing within the long pulse regime.
Processing materials at a low fluence allows for an increased control over the
ablated depths and the microstructuring process in general, due to the result-
ing limited (thermal) energy transfer to zones adjacent to the laser material
interaction volume [9,10].
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Figure 2.3.: Percussion drilling of stainless steel with pulse durations of: 200 fs (a),
80 ps (b), and 3.3 ns (c), reproduced from [20]. The length of the scale
bar is 60 µm.
Dissipation of residual energy
Any residual energy which was not used to remove the material diffuses as
heat into the bulk, until thermal equilibrium with environment is reached. A
microstructuring process requires a large number of pulses, which arrive at
the target with a temporal delay given by the laser repetition rate (or pulse
frequency). If the time in between pulses is sufficiently short, the thermalized
residual energy may accumulate and increase the temperature of the lattice [17]
as a whole. This heat accumulation affects the ablation process [17].
2.3. Laser ablation with long laser pulses
In general, for a sufficiently long pulse, the absorbed incident laser energy can
be considered to be instantaneously transferred to the substrate in terms of
heat [14]. As a result, the laser (pulse) can be modelled as a heat source, that
raises the temperature of the target upon instant absorption of the optical
energy. The corresponding classical heat conduction equation,
c
∂T
∂t
= c v ∂T
∂z
+ ∂
∂z
(
κ
∂T
∂z
)
+ I0 A exp(−α z), (2.1)
where T is the temperature of the substrate, c is the heat capacity, κ is the
thermal conductivity, v is the advancing velocity of the ablation front, I0 is
the incident intensity, A is the absorptivity and α is the absorption coefficient.
Equation 2.1 can be solved to determine the spatial and temporal temperature
evolution of the lattice.
In contrast to shorter laser pulses, the moderate intensity and relatively long
duration of the laser pulses, results in a relatively slow temperature rise of the
lattice. That is, the lattice does not experience significant overheating [14]. As
a consequence, the material removal process can ben described as a conven-
tional evaporation process, occurring at quasi-equilibrium conditions [12, 14].
This is of particular relevance, as material evaporation at a temperature close
to equilibrium conditions is a well-known process. That is, it is described by
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a kinetic equation relating the evaporation velocity of the material, v, to the
surface temperature, T , as,
v = v0 exp
(−Ta
T
)
, (2.2)
where the factor v0 takes values in the order of the speed of sound and Ta
is referred to as the activation temperature [21].
The modelling approach for the calculation of an ablated profile h(x, y) then
consists of solving the classic heat equation (2.1), taking into account temper-
ature dependent material properties. When the absorbed energy density at
a given location is sufficient to melt and vaporize the substrate, the material
can be considered as being removed. The integration, over time, of the evap-
oration velocity, given by the kinetic equation (2.2), yields then the ablated
profile, h, as
h =
∫
v(t) dt. (2.3)
However, some additional phenomena usually occur when processing with
long pulses. Pulse durations of about 10 ns have been shown to interact with
the ablation products. Then screening of the surface due to the plasma and/or
a vaporized material plume has to be considered [12, 14]. Some authors have
modelled the resulting attenuation of the incident energy, by calculating an
effective absorption coefficient in the plasma [12, 14]. In addition, the energy
diffusion from the interaction zone, as well as the hydrodynamics of the molten
layer and the (plasma) plume have also to be considered in order to predict a
resulting ablated profile [12].
Surface microstructuring with long laser pulses
Next, modelling of the creation of a full surface profile, H(x, y), after a
multipulsed process involves several steps. The previously described quasi-
equilibrium thermal model can be employed to calculate the ablated profile,
h(x, y), after single pulse processing. Extending the analysis to microstruc-
turing of a surface requires studying additional effects, which are related to
progressive (pulse to pulse) change of the overall surface profile.
Although the ablation mechanisms in the long regime have been relatively
well described, and corrections can be made for taking into account, e.g., the
effect of tilted walls on reflectivity [22], there are phenomena related to the
formation and redeposition of molten layers that reduce the reproducibility of
the material removal process. These molten layers are excited during the long
excitation stage of the pulse [12]. It has been shown that the hydrodynamics
of these excited layers are hard to model [23]. In addition, only a few attempts
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Table 2.1.: Modelling approaches for ablation by laser pulses with a FWHM duration
equal to, or longer than, 1 ns.
Author Material Ablated profile1 Surface profile2
Anisimov et al. [12] Polymers 1D No
Kuper et al. [24] Polymers 1D No
Sinkovics et al. [25] Polymers 3D No
Vatsya et al. [26] Metals 3D No
Schwarz-Selinger et al. [27] Silicon 3D No
Pedder et al. [22, 28] Polymers 3D 3D
Gower et al. [29] Polymers 3D 3D
1An ablated profile is considered to be 1D when the model does not consider a
spatial laser intensity profile. 2A surface profile is considered to be 3D when the
effect of spatially overlapping laser pulses on the resulting surface topography has
been studied.
have been performed to study the surface evolution after partially spatially
overlapping laser pulses. Table 2.1 lists a few examples of modelling attempts.
The accuracy and applicability of these models for the prediction of a resultant
surface topography H(x, y) are, in any case, limited by the stochastic nature
of the ablation process with long pulses.
2.4. Laser ablation with short & ultra-short laser
pulses
As the pulses become shorter, several mechanisms alter the diffusion of energy
into the lattice and the consequent phase changes, providing that the absorbed
intensity suffices for phase changes. As a consequence, the laser (pulse) can
no longer be considered as a simple surface heat source.
Kaganov et al. [30] first described the mechanism for the energy transfer
between electrons and the ions of a lattice. In a series of publications [31–33],
Anisimov et al. proposed a model to calculate the energy transfer rate between
the electron and lattice subsystems during short pulsed laser processing, which
was thereafter called the Two Temperature Model (TTM). The TTM has
been widely employed and experimentally validated for the calculation of the
temperature evolution of a substrate exposed to ultra-short laser pulses [10,
12,14,21,34,35].
A description of the ablation process requires, in addition to the TTM, the
consideration of the microscopic phenomena leading to a phase change. In
the (ultra) short pulse duration regime, the substrate is exposed to different
phenomena, as for example the propagation of pressure waves, occurring at
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the same time scale as the propagation of melting fronts and/or the homoge-
neous nucleation of liquid and/or void volumes [36,37]. As a consequence, the
material removal process differs qualitatively from the classical surface evap-
oration at quasi-equilibrium conditions, characteristic of processing with long
laser pulses, as described in the previous section.
Techniques like Gas Dynamics (GD), Molecular Dynamics (MD) and Monte
Carlo (MC) simulations allow the study of the different ablation mechanisms
occurring at this short laser pulse regime [18, 36–39]. These numerical tools
are capable of including a complete description of the physical phenomena,
regardless the nature of the phase changes. That is, a kinetic equation (in
the form of equation 2.2), accounting for the mechanisms responsible for the
phase changes, is not required in this case. In addition, the absorption, energy
transfer and consequent temperature rise of the lattice can be simultaneously
computed when combining molecular and/or gas dynamics, [18, 38], or em-
ploying a standard or modified TTM for the calculation of the temperature
evolution of the system [40].
These hybrid modelling approaches allow for a complete description of laser
ablation, from the absorption of optical energy to the final ejection of mate-
rial. An overview of the different modelling approaches that can be found in
literature is listed in table 2.2.
Ivanov and Zhigilei [41], Perez et al. [39] and Lorazo et al. [18] applied Molec-
ular Dynamics simulations to identify the thermodynamical pathways leading
to material removal from metallic substrates exposed to short & ultra-short
laser pulses. The high absorbed intensities were shown to result into a largely
overheated lattice. In addition, a collection of transient, thermodynamically
unstable, states were shown to take place, as a function of the pulse duration
and intensity. These thermodynamical paths are characteristic of different
ablation mechanisms, and are further discussed below.
Hence, the combination of optical, thermal and mechanical phenomena, for
a given laser pulse temporal and spatial intensity profiles, have to be simulta-
neously analyzed to determine the ablation mechanisms [18]. Identifying the
actual laser ablation mechanisms, occurring at given processing conditions,
is a required step for the calculation of an ablated profile h(x, y). The main
mechanisms for ablation are further discussed below.
Ablation mechanisms
The possible mechanisms for material removal, at increasing intensity levels,
which were identified from detailed MD analysis are, respectively, spallation,
homogeneous nucleation, heterogeneous nucleation and fragmentation, [18,36,
39,45]. A schematic overview of these mechanisms is shown in figure 2.4, and
will be discussed briefly, with reference to figure 2.5.
18 2. State of the art
Table 2.2.: Modelling approaches for ablation processes with ultra-short laser pulses.
Author(s) Material Temperature Phase Ablated
evolution1 change2 profile3
Ivanov and Metals MD-MC Spallation No
Zhigilei [41] Semiconductors Homogeneous
Dielectrics nucleation
Heterogenous
nucleation
Fragmentation
Vaporization
Jandeleit Metals TTM Vaporization No
et al. [42]
Laville and Metals GD Vaporization 1D
et al. [43]
Anisimov Metals TTM-GD Vaporization 1D
et al. [38]
Momma Metals TTM Vaporization 1D
et al. [15]
Hu Metals TTM Vaporization 3D
et al. [44]
Perez and Metals MD-MC Spallation 3D
Lewis [39] Semiconductors Homogeneous
Dielectrics melting
Fragmentation
Heterogeneous
melting
Vaporization
1GD = gas dynamics, MD = molecular dynamics, TTM = two-temperatures model,
MC = Monte-Carlo simulations. 2Mechanisms phase changes, see text for details.3An
ablated profile is considered 1D when a direct relation depth / energy input is given,
without taking into account an intensity profile. An ablated profile is considered 3D
when a spatial laser intensity profile is included.
• Mechanical spallation. This ablation mechanism occurs at low laser
fluence levels, and dominates the material removal process for fluences
just above the melting threshold [39]. The formation and aggregation of
voids below the surface of the substrate, and the consequent relaxation of
stresses, results in the ejection of a condensed top layer, see figure 2.4 and
figure 2.5(a). The later figure shows a schematic view of the identified
temperature-density transient states of the material during the ablation
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Figure 2.4.: Results of Molecular Dynamic simulations, illustrating several mecha-
nisms for laser ablation with ultra-short laser pulses: spallation, (a),
fragmentation, (b) and vaporization, (c). Fth represents the minimum
absorbed fluence required for material removal. Reproduced from [39].
process. This mechanism becomes significant at the, so-called, regime of
stress confinement. This regime is described by the inequality [37]:
max{τe−ph, τp} ≤ τs ≈ lc
Cs
, (2.4)
where τe−ph is the time required for the thermalization of the lattice, τp is
the pulse duration, τs is a characteristic time of mechanical equilibration,
lc is the penetration depth of the absorbed laser energy, and Cs is the
speed of sound in the material. As an example, the upper pulse duration
leading to stress confinement for stainless steel is about 10 ps, assuming
lc ≈ 10 nm and Cs ≈ 103 m/s.
• Heterogeneous and homogeneous nucleation. At fluence levels higher
than those required for spallation, ablation has been shown to proceed
after either the nucleation of gas in the bulk of molten layer (homoge-
neous nucleation), or from a moving melting front (heterogeneous nucle-
ation) [39]. Some authors consider homogeneous nucleation as a particu-
lar case of spallation, as the material removal is mainly the consequence
of relaxation of thermoelastic stresses [36]. Sudden homogeneous nucle-
ation of a gas phase within the bulk of a molten layer, and the consequent
ejection of largely overheated condensed matter, is the proposed mecha-
nism for the ablation process usually referred to as phase explosion, see
figure 2.4(b) and 2.5(b).
• Fragmentation. At a sufficiently high level of absorbed intensity, a direct,
non-thermal driven, material decomposition takes place. According to
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Figure 2.5.: Thermodynamic pathways for the state (V=vapour, L=liquid, S=solid)
of ablated material with ultra-short laser pulses at increasing fluence: (a)
spallation, (b) heterogeneous nucleation, (c) fragmentation and (d) vapor-
ization. Dotted lines with arrows indicate temperature-density transient
states, as calculated via Molecular Dynamics, for example by Perez et
al. [39]. The fine dotted line in (d) is meant as a visual guide to follow
the time evolution.
this mechanism, material directly decomposes into a collection of clusters
and a partially atomized cloud, see figure 2.4(c) and 2.5(c). The decom-
position occurs at a pressure-temperature pair above the spinodal, see
figure 2.5(c). This is an indication of a mechanism that differs qualita-
tively from nucleation, as the system enters the liquid-vapour unstable
area of the temperature-density diagram only after material ejection [39].
• Vaporization. When the fluence is further increased, a direct non–
thermal transition into a gas behaving state occurs without cluster for-
mation, see figure 2.5(d) [39].
The calculation of an ablated profile h(x, y), based on the processing condi-
tions, would require exact knowledge of the main ablation mechanisms relevant
to these particular conditions for the material under consideration. Unfortu-
nately, this exact knowledge is usually missing. For example, Perez et al. [39],
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based on MD simulations, proposed a simplified equation for calculating the
ablated depth when phase explosion is the dominant mechanism. The ablated
depth, h(φ), as a function of the incident local fluence, φ, is then given by
h(φ) = 1
α
ln αφ[1− a(φ)]
Eeff−th
, (2.5)
where α is the linear absorption coefficient, a(φ) is a factor quantifying the
energy losses due to the creation of a pressure wave, and Eeff−th is thresh-
old energy density required for phase explosion. The predicted values are in
accordance with experimental data for a sufficiently large range of incident flu-
ence. However, this model underestimates the ablated depth at relatively low
fluence levels [39]. If the energy losses due to the formation of pressure waves
are neglected (a(φ)=0), equation 2.5 simplifies to the well-known expression
for the ablated depth
h(φ) = 1
α
ln αφ(αφ)th
, (2.6)
which has been widely employed to describe the measured ablated depths
obtained after short pulsed laser processing [14, 15, 19, 20], and it is further
discussed later on this section.
Calculation of ablated profiles
An accurate calculation of an ablated profile, h(x, y), based on laser process-
ing conditions, requires overcoming several practical issues. First, the actual
ablation mechanisms leading to material removal from a single pulse, partic-
ularly when the pulse has a given spatial intensity profile, are not unique. In
addition, quantitative values of material properties are frequently unknown for
most of the common paths for laser ablation in this regime. Further, the dy-
namics of pressure waves, are highly dependent on temperature gradients [39].
As a consequence, the mechanisms of material removal may vary strongly both
in space and time.
In spite of the complex nature of the ablation process, laser microstruc-
turing with ultra-short laser pulses has been experimentally shown to be a
reproducible process, in terms of average ablated depth per pulse and gener-
ated ablated profiles [10,20,46]. Further, the generated surface features show
a well defined geometry that can be adjusted by selecting an adequate pulse
energy and pulse duration [9, 10].
Experimental determination of ablated profiles
Besides modelling based on physical phenomena, the ablated profile h(x, y)
could be determined by experiments. Nolte et al. [19] studied for the first time
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the ablation of copper with pulses ranging from 500 fs to 5 ps . Two different
ablation regimes were identified, as a function of the absorbed fluence. The
ablated depth per pulse, h, obtained at fluence levels below 0.5 J/cm2, was
found to be described by
h = α−1 ln φ
φαth
, (2.7)
where α is the linear absorption coefficient, φ is the absorbed fluence and φαth
is the experimentally determined fluence threshold for the onset of ablation.
When the fluence was increased over 0.5 J/cm2, a second ablation regime,
characterized by larger ablated depths, was observed. The ablated depth for
this regime was found to be described by
h = l ln φ
φlth
(2.8)
where l was identified as the energy diffusion length due to electronic heat
diffusion, and φlth is the fluence threshold for the onset of ablation in this
regime. When the pulse duration was increased over 20 ps, the logarithmic
dependency of equation( 2.8) was lost, and the measured ablated depths de-
creased. The accuracy of these empirical expressions, equations (2.7) and
(2.8), for the calculation of ablated profiles is further discussed in chapter 3.
Calculation of surface profiles
Few studies have been performed aimed at predicting the resultant ablated
profile H(x, y) emerging from a microstructuring process with multiple ultra-
short laser pulses, [47, 48]. Due to the difficulties in establishing accurate
relations between applied fluence and ablated depth or profile h(x, y), an em-
pirical approach is typically employed. In particular, calibration curves were
determined in order to relate the incident fluence to the resulting ablated
depths [47, 48]. A complete description of a microstructuring process would
require, in addition, a description of the effects of a multi-pulsed response
and, further, the selection of a path (x, y, t) of the laser pulses that leads to a
desired microstructure.
2.5. Laser-generated functional microstructures
Processing with ultra-short laser pulses has been employed by several authors
for the creation of a number of functional microstructures in the field of flu-
idics. The surface profiles after laser processing were found to show improved
characteristics, such as better water repellency or reducing the drag experi-
enced by a fluid in contact with the microstructured surface.
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Figure 2.6.: Creating functional microstructures can be accomplished by following the
surface evolution from a suitable microstructuring process. A laser pulse
with an intensity density profile I(x, y, t) generates an ablated profile
h(x, y). Multiple laser pulses create a surface profile H(x, y) providing a
surface with a desired fluidic functionality.
More specifically, Zorba et al. [3] and Baldacchini et al. [49] employed a
femtosecond pulsed laser source to create water repellent surfaces on a silicon
substrate. Similar wetting behaviour was accomplished by Cardoso et. al [2]
and Yoon et al. [50] on polymeric substrates with picosecond pulses.
Kietzig et al. [51], Bizi-Bandoki et al. [52] and Wu et al. [53] have shown
how certain metallic substrates may gain water repellent properties directly
after processing with femtosecond pulses. Picosecond pulsed lasers have been
employed for the creation of master moulds, from which a functional replica
showed to gain water repellent properties [54,55].
Different micrometric-sized structures were also achieved by direct material
removal to obtain surfaces with new functionalities. Channels for microfluidic
applications were created with femtosecond pulsed laser processing of poly-
meric substrates [56–59]. Osellame et al [60] employed a femtosecond laser to
fabricate both microfluidic channels and optical waveguides on a glass sub-
strate. Ribleted microstructures created on metal substrates by picosecond
laser pulses have been shown to reduce the drag experienced by a fluid flowing
over the microstructure [61].
Unfortunately, the relation between the different observed (fluidic) func-
tionalities and the laser processing parameters is unknown. The above studies
do not provide insight, nor guidelines on how to select an adequate laser ma-
chining strategy to achieve the desired microstructure, nor how geometrical
changes might be adjusted to gain or control the (fluidic) effects. Figure 2.6
illustrates this lack of knowledge. That is, starting from a desired surface
functionality (utmost right in figure 2.6), it is not known how to choose the
required micro-machining strategy. Or for that matter, how to choose the
required process parameters (utmost left in figure 2.6). The question marks
indicate this lack of knowledge.
However, when tracing figure 2.6 from left to right, the calculation of a
surface profile created by a microstructuring process with laser pulses would
allow for the design and optimization of surface microstructures with respect
to the desired functionality. A model of the micromichining process can then
be employed to reveal the mechanisms causing a given fluid-microstructured
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substrate interaction. The present work is therefore aimed at developing a
method for predicting the geometry of the microstructures emerging from an
ablation process, that can be employed to study the influence of a changing
geometry on the gained functionality.
2.6. Conclusions
The ablation of material by short and ultra-short laser pulses has been ex-
tensively studied over the last decades. In addition, the main mechanisms
and physical phenomena responsible for the material removal process have
been identified. However, an accurate prediction of the ablated profile h(x, y)
created by laser pulses in this regime has been shown to be cumbersome,
particularly at low absorbed laser intensities.
Laser ablation with relatively long laser pulses, in the nanosecond regime,
where the material removal process occurs at conditions close to thermody-
namic equilibrium, is a relatively well-known process that allows for the calcu-
lation and prediction of ablated profiles. However, the existence of relatively
thick molten layers during the excitation stage, and the consequent hydrody-
namics, introduces uncertainties in the calculated ablated profiles. Moreover,
the accuracy in the creation of microstructures, and the process repeatability
in this regime is limited.
Processing with shorter laser pulses in the picosecond & femtosecond regime
results in a higher microstructuring accuracy, due to the typical low ablated
depths per pulse, and a more reproducible process, as a result of the limited
presence of molten layers and residue. These two characteristics can be ex-
ploited not only to create functional microstructures, but also allow to analyze
their (fluidic) properties by properly adjusting and varying the geometry of
these microstructures. Therefore a model is desired capable of predicting the
surface topography after a multi-pulsed laser exposure. A systematic study
on how a surface profile emerges from a multi-pulsed exposure is still missing
in the literature. Such an (empirical) model will be developed in the next
chapter.
3 | Surface microstructuring
with short & ultra-short
laser pulses
In this chapter a method is introduced for the calculation of the surface profile
created on a solid target by laser ablation with short and ultra-short laser
pulses. To that end, the calculation of energy diffusion lengths, and laser
ablation of solid targets, are discussed first. An empirical method capable of
determining surface profiles, based on the calculation of average ablated profiles
per pulse, is presented next.
3.1. Simulation of a micro-machining process
The simulation of a microstructuring process first requires a calculation of
the ablated profile, h(x, y) [m] or ‘‘crater’’, induced by a single laser pulse.
The accuracy of this calculation has a significant effect on the accuracy of the
model, because of the large number of pulses that are required to create a full
surface micro–structure. Relatively small inaccuracies in the estimated profile
h(x, y) accumulate, which may result into large deviations in the calculated
surface profile H(x, y).
A model capable of predicting the microstructures emerging from this pro-
cess, requires several steps, and involves considering a variety of physical phe-
nomena. The main steps of such a model are addressed in this chapter; and
include (see also figure 2.6 on page 23):
1. the calculation of an average ablated profile, h(x, y), or ablated profile,
by a single laser pulse,
2. the design of a micro-machining strategy, consisting of a trajectory for
the laser spot, scanning the surface of the sample,
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3. the calculation of the resulting surface profile, H(x, y) after numerous
pulses along the trajectory and
4. the evaluation of geometrical properties and requirements, with respect
to the (fluidic) application.
Each step involves assumptions, which are discussed below, and will be val-
idated experimentally in chapter 4. The design of a micro-machining strategy
(step 2) requires the definition of an ideal surface profile, S(x, y), which pro-
vides a substrate with a (fluidic) functionality. The geometry of this targeted
profile depends on the application.
Chapters 6 and 7 provide examples demonstrating the applicability of this
model for the design of functional surface profiles. Further, the model is em-
ployed for the design of microstructures to study the fundamental mechanisms
of certain fluid-microstructure interactions.
In the remainder of this chapter, a model for the calculation of functional
surface profiles is developed. The calculation of average ablated profiles, based
on a one dimensional approach, is first investigated. Calculated ablated pro-
files are thereafter employed for the simulation of a multi-pulsed process, in
which partially overlapping pulses remove material from a substrate.
3.2. Calculation of the average ablated profile
As discussed in chapter 2, different numerical and experimental approaches
provide relations between the temporal and spatial intensity profile of a laser
pulse, I(x, y, t), and the resulting ablated profile, h(x, y). However, the ac-
curacy of these relations is limited to certain processing conditions, and ex-
perimental and calculated data deviate. These inaccuracies can be attributed
to uncertainties in material’s properties, and the mathematical complexity of
including all the relevant physical phenomena. An alternative approach is
therefore required for the estimation/calculation of an ablated profile, h(x, y),
with an accuracy that allows for the subsequent calculation of a surface profile,
H(x, y).
The laser processing conditions leading to ablated depths close to the optical
penetration depth, have been shown to result in surface microstructures with
reproducible and well defined geometries [9, 10, 19]. To illustrate this, the
processing conditions leading to limited diffusion depths of energy into the
material are compared to the resulting ablated depths, in the following. This
comparison establishes the basis for the development of a semi-empirical and
an empirical approach for the calculation of h(x, y), which are respectively
discussed in sections 3.2.2 and 3.3.
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3.2.1. Calculation of energy diffusion depths
The absorption of the optical energy of a laser pulse occurs near the surface
of a substrate, with typical penetration depths ranging from 10 to 100 nm for
metals [14, 36]. The typical diameter of a focused beam on the surface of the
material, employed for micro-machining is of several µm up-to about 100 µm
[9,10,38]. As a result, the effects of gradients in the material in radial direction
can be neglected when compared to gradients in the vertical direction into the
bulk of the material [12, 36]. Hence, a one dimensional Two Temperature
Model can then be employed for the calculation of the temperature rise of the
lattice of the material, see also section 2.4, starting on page 16.
In the TTM, the temperature increase of the lattice depends on the rate of
energy transfer from the electron subsystem to the lattice. Two coupled dif-
ferential equations describe the spatial and temporal temperature distribution
of the electronic and lattice subsystems, denoted respectively as Te and Ti.
The velocity of the ablated front into the material, v[m/s], can be taken into
account in these differential equations as [12]
ce
∂Te
∂t
= cev
∂Te
∂z
+ ∂
∂z
(
κe
∂Te
∂z
)
+ ∂I
∂z
− µ(Te − Ti), (3.1)
ci
∂Ti
∂t
= civ
∂Ti
∂z
+ ∂
∂z
(
κi
∂Ti
∂z
)
+ µ(Te − Ti), (3.2)
where ce and ci are the heat capacities of the electron and lattice subsystems
respectively, κe and κi are the thermal conductivities of the electron and lat-
tice subsystems respectively, v(t) is the velocity of the ablation front into the
material, I is the absorbed laser intensity, and µ is a parameter characterizing
the electron–phonon rate of energy exchange, µ = ce/τ . The parameter µ is
commonly known as the electron–phonon coupling coefficient. Further, τ is a
characteristic relaxation time, which ranges typically from 0.5 to 100 ps [10].
The laser energy is absorbed first by the electron subsystem, as is described
by equation( 3.1).
When the duration of the laser pulse is significantly longer than the charac-
teristic relaxation time, τ , the electronic system dissipates its energy already
during the pulse to the lattice. In that case, there is no significant temperature
difference between the electron and lattice subsystems [10]. The coefficient µ
tends then to infinity and the temperature of the system is well described by
the classical heat diffusion equation
ci
∂Ti
∂t
= civ
∂Ti
∂z
+ ∂
∂z
(
κ
∂Ti
∂z
)
− ∂I
∂z
. (3.3)
Two different responses can then be expected for a given material exposed
to laser pulses: A short pulse regime, in which the penetration length of
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energy into the material is dominated by the diffusion of hot electrons into the
material, and a long pulse regime, in which the diffusion length of hot electrons
can be neglected, and the energy penetration depth is governed by the classical
thermal diffusion length. The respective calculation of these lengths, and a
criteria for determining a critical pulse duration, separating both regimes, has
been the subject of previous research [14, 16, 62] and is briefly summarized
below.
Calculation of characteristic diffusion lengths
A characteristic diffusion length can be expressed in terms of the classic ther-
mal diffusion length or, for a short pulse, in terms of the thermal diffusion
length of hot electrons [14, 16, 62]. These lengths can be employed as an es-
timate of the spatial resolution that can be achieved when processing with
(ultra) short laser pulses. This analysis has been proposed by Wellershoff et
al. as an explanation of the sub-micrometric accuracy that can be obtained
when processing with laser pulses in the femto– and picosecond regimes [16].
For the classical thermal approach, when electrons are responsible for the
thermal conduction (e.g. metals), the diffusion term for the lattice in equa-
tion (3.3), that is, ∂∂z
(
κi
∂Ti
∂z
)
, can be neglected. Then equation (3.3) can be
solved for different cases. As an example, for the common case of a pulse with
a Gaussian spatial intensity profile, equation (3.3) has been numerically solved
to yield the thermal diffusion length, lth,Tmax, at the time when the surface
reaches its maximum temperature [14,16]. This length equals
lth,Tmax = 2
√
Dτp, (3.4)
where τp is the Full Width at Half Maximum (FWHM) pulse duration and
D (m2/s), is the thermal diffusivity of the material. As an example, table 3.1
lists the numeric value of lth,Tmax for various metals, for a pulse duration of
6 ps and 6 ns, respectively. As can be concluded from this table, the thermal
diffusion length due to a ns pulse is (much) larger that that of a ps pulse.
For short pulses, typically below 1 ns for metals [16], the diffusion length of
thermalized electrons, le−ph, can be employed for estimating the penetration
length of energy into the material [62]. An estimate for the length of energy
diffusion into the bulk can be obtained by considering the diffusion of ther-
malized electrons into the bulk, before thermal equilibrium with the lattice is
reached. The later is governed by the electron–coupling strength. Wellershoff
et al. [16] arrive to the following expression for this energy diffusion length,
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Table 3.1.: Typical length and times scales in laser–material interaction for various
metals. Values for h from Spiro et al. [46], for Gaussian pulses of 6 ps and
6 ns FWHM, at 2 times the respective ablation threshold of the material.
The critical pulse duration, τcr, was calculated according to equation (3.6)
[16]. The physical properties of the selected materials are summarized in
appendix 8.2.
Material α−1, lth−Tmax,(nm) le−ph, h,(nm/pulse) τcr,
(nm) 6 ps 6 ns (nm) 6 ps 6 ns (ps)
Al 7 35 1435 68 27–85 100–390 12
Ni 13 17 693 31 19–46 84–580 11
Mo 11 32 1020 66 4–22 20-260 23
SS302 11(Fe) 7 219 ** 5–25 20–242 **
**Data are not available.
le−ph
le−ph =
(128
pi
)1/8( κ2e,oci
AeTmµ2
)1/4
, (3.5)
where Ae and κe0 are constants describing the specific heat ce and conduc-
tivity κe of the electrons, via ce = AeTe and κe = κe0 Te/Ti, respectively [16].
Tm is the melting temperature of the lattice.
The fifth column of table 3.1 lists numeric values of le−ph. As can be ob-
served, the penetration of energy into the material by electronic diffusion is
about twice the thermal diffusion length, for a pulse duration of 6 ps. The
maximum penetration length of energy is therefore given by the thermal diffu-
sion length lth, for a pulse duration of 6 ns, and by the diffusion length of
energy by thermalized electrons le−ph, for a pulse duration of 6 ps.
Now, the diffusion length of the electrons during the time required for the
establishment of thermal equilibrium between electrons and phonons can be
compared to the thermal diffusion length [16, 62], to find a pulse duration
from which the electronic diffusion dictates the maximum diffusion depth of
energy into the material. This critical pulse duration, τcr, is then defined by
the condition lth = le−ph. This condition gives the pulse duration for which
the diffusion length of electrons equals the thermal penetration depth [16].
Equating equations (3.4) and (3.5) yields
τcr =
( 1
2pi
)1/4( c3i
AeTmµ2
)1/2
. (3.6)
The last column of table 3.1 lists values of τcr for different materials. In ma-
terials with a strong electron–phonon coupling, the absorbed energy is confined
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near the surface, due to the reduced time that is required for the thermaliza-
tion of the lattice [10, 16, 35]. As a result, the temperature rise of the lattice
occurs in a shorter time and in a reduced volume, when compared to mate-
rials with a weak electron-phonon coupling. Therefore, the energy transfer of
residual energy to the bulk is potentially reduced. In these cases, ablated pro-
files with a typical maximum depth in the order of a few tens of nanometer per
pulse can be achieved. This allows for a high accuracy in the material removal
process, while diminishing undesired effects on the surrounding material due
to residual energy.
The critical pulse duration can be employed as an estimate to select the pulse
duration of the laser source to achieve small diffusion lengths. In principle,
selecting a laser source with a laser pulse duration as short as possible leads
to a better machining quality, due to the reduced diffusion lengths. However,
non-linear effects, such as optical breakdown, become of increasing relevance
at reduced pulse duration, due to the high intensity [10]. Then, the laser
intensity profile becomes significantly disturbed, and the machining results
are less reproducible [10]. Therefore, for a given material, the selection of a
laser system for microstructuring involves considering the following steps:
• selection of a pulse duration which is short enough, to decrease the energy
penetration depth. The critical pulse duration of equation (3.6) can be
employed as a guideline.
• selection of the laser beam quality, orM2, wavelength and power density
profile, I(x, y, t). These parameters affects the effective focal spot size,
which in turn determines the minimum feature size that can be achieved.
The limited penetration depths of energy in the material for a short pulse,
when compared to the typical lateral dimensions of a laser spot, justify a
one dimensional analysis of the ablation process, which is developed in the
following.
3.2.2. A simplified analytical model
The analysis in the previous section can be employed to obtain a simplified
analytical expression for the ablated profile h(x, y), considering one dimen-
sional diffusion of energy in the vertical direction. Then the ablation depth at
a given location along the z axis can be calculated as the deepest point that is
exposed to an intensity that is high enough for material removal. A simplified
analytical expression for the ablated profile can be obtained by considering
the attenuation of optical intensity of the laser light within a semi-transparent
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material. The intensity decay within the absorbing material is given by
δI
δz
= − (α+ βI) I, (3.7)
where I is the absorbed intensity, α (m−1) and β (m/W) are the linear and
two–photon absorption coefficients, respectively. For materials whose primary
absorption mechanism leads to a linear response to the laser energy, i.e., linear
absorption, equation (3.7) simplifies to the well-known Beer-Lambert law
δI
δz
= −αI, (3.8)
Under the assumption of one-dimensional diffusion of energy, equations (3.7)
and (3.8) can be integrated along the z axis, to relate the ablated depth h, to
the absorbed local intensity I, as
∫ Ith
I0
δI
I
= −α
∫ h
0
δz, (3.9)
where Ith is the minimum intensity at a depth h, that suffices to trigger
ablation of the substrate. With this approach, an intensity threshold for abla-
tion, Ith, is introduced. The integrated equation yields the depth h at a point
exposed to an incident intensity I0, which reads
h = 1
α
ln
(
I0
Ith
)
. (3.10)
In the case of a temporal rectangular shaped pulse of τp seconds, the ab-
sorbed intensity I is related to laser incident fluence φ0 as
φ0 = I0τp =
Iτp
(1−R) , (3.11)
where R is the reflectivity of the material at the wavelength under consid-
eration. Then, it follows from equations (3.10) and (3.11) that
h = 1
α
ln
(
φ0
φth
)
. (3.12)
The analysis can be extended to include the spatial intensity profile of the
pulse, which is justified by the 1D analysis. For a spatial Gaussian distribution,
the incident fluence φ(r) reads
φ(r) = φ0 exp
−2r2
w20
, (3.13)
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Figure 3.1.: Left: a calibration curve, h(x, y), is obtained by measuring the surface
profile created by a laser pulse of intensity φ(x, y). Right: the calibration
curve is successively employed to calculate the surface profile created by
processing with from partially overlapped laser pulses.
where r is the radial coordinate, and w0 is the radius of the laser beam
at the surface. Then, by using equation (3.11), the ablated depth h(r), at a
location r, reads
h(r) = 1
α
ln φ(r)
φth
. (3.14)
The logarithmic dependence of the ablated depth and fluence has been ex-
perimentally observed for a broad range of processing conditions and materials,
when processing with short and ultra-short laser pulses [14, 15, 19, 20]. Both
the optical penetration depth, α−1, and the ablation threshold, φth, are usu-
ally treated as fit parameters. The fitted values for α are not consistent with
the corresponding tabulated values, even when averaged values are consid-
ered [63]. These discrepancies have been attributed to the surface condition,
the absence of an inert atmosphere or to surface instabilities [63].
Relatively small deviations between experimental data and the values pre-
dicted by the fitted equation (3.14) are however present, particularly at low
fluence levels. This leads to large prediction errors because the errors are
accumulating during the simulation of a multi-pulsed process.
3.3. Modelling a laser micromachining process
As concluded in the previous paragraph, the simplified analytical expression
for the ablated profile, h(r), as a function of the laser fluence, equation (3.14)
does not provide the accuracy that is required for the simulation of an ablated
surface profile H(x, y). Further, the numerical calculation of h(r) from the
laser pulse intensity profile I(x, y, t) and material properties has been shown
in chapter 2 to be cumbersome, due to the uncertainties in the mechanisms
responsible for the material removal process.
An experimental approach can be considered to circumvent the difficulties
in the calculation of an ablated profile h(x, y). A typical micro–structuring
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process employs a focused laser beam with lateral dimensions typically ranging
between 10-100 micrometers [10,20,38], while the typical ablated depths have
been shown to be at least two orders of magnitude below these values [46]. As
discussed in section 3.2.1, the one-dimensional assumption for the diffusion of
energy may then be extended to the ablation process. Following this reasoning,
the measured depth at a location can be related to the total local incident
fluence, φ(x, y), arriving at (x, y). A calibration curve can then be directly
constructed by measuring the ablated depths at points exposed to different
incident (local) fluences, which yields the desired curve h(x, y).
A laser source generates pulses with a given spatial intensity profile, typ-
ically of Gaussian shape in the focal plane. The exposed area is therefore
usually irradiated with varying fluence levels within a single pulse. The ab-
lated profile produced by a laser pulse with a given fluence profile can then
be employed directly as a calibration curve, h(x, y), see figure 3.1 (left). With
this approach, the actual fluence profile on the surface of the substrate does
not have to be measured nor calculated. This is of practical interest as devi-
ations from the ideal shape do occur, like beam ellipticity or those typically
produced by aberrations, e.g., due to imperfect optics. These effects are dif-
ficult to implement with alternative approaches, but do modify the ablated
profile significantly.
Due to the small ablated depths per pulse, a direct measurement of h(x, y)
is hard to obtain. As a consequence, a minimum number of laser pulses have
to be applied to resolve the ablated profile. The ablated profile hN (x, y),
generated after N pulses, can be measured by different microscopy techniques
in order to obtain an averaged, single-pulse, ablated profile, hav(x, y). The
average ablated profile per pulse, hav(x, y), is obtained by normalizing the
measured ablated profile by the number of applied pulses N , to yield
hav(x, y) = hN (x, y)/N, (3.15)
This procedure is based on several implicit assumptions. The selected sub-
strate is considered to be homogeneous, and the processing conditions, i.e. the
spatial and temporal laser intensity profile, are assumed to remain constant
during processing. In addition, the ablated depth is assumed to show a linear
increase with the applied number of pulses N .
Some considerations have to be taken into account when assuming a constant
ablated depth for each (subsequent) pulse during a multi-pulsed exposure.
Deviations from the linear response, related to changes in the response of the
material to the laser radiation and/or due to the changing geometry, have to
be considered. The applicability and range of this linear process is further
investigated and discussed in chapter 4.
The average profile hav(x, y) is subsequently employed for the calculation
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Figure 3.2.: Flow chart for the modelling approach. The ablated profile generated af-
ter applying N pulses, hN (x, y), is measured, in order to obtain an aver-
age ablated profile, hav(x, y). The average profile is afterwards employed
for the calculation of a surface profile H(x, y), according to a predefined
machining strategy. The simulation is concluded when the ideal surface
S(x, y), which provides the functionality, is obtained.
of a surface profile H(x, y). The one-dimensional approach, and the assumed
linearity of the multi-pulsed process, allow for a direct simulation of the sur-
face profile obtained after a displaced second (and subsequent) laser pulse(s)
remove material from the substrate, see figure 3.1(right), which results in
H(x, y). The simulation of a micromachining process consists then of dis-
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Figure 3.3.: Modelling a microstructuring process with short laser pulses of spatial
intensity I(x, y), (a), based on the measurement of the average ablated
profile hav(x, y), (b), created by the laser pulse. The ablated profile is
scanned following laser tracks at low, (c), or high pulse to pulse overlap,
(d).
tributing the laser pulses across an area, according to the machining strategy,
which defines the position (xi, yi) of a laser pulse within a layer i. In general,
several layers are required to obtain the desired surface profile. The simula-
tion is concluded when the ideal surface S(x, y) providing a functionality is
reached. The flow chart in figure 3.2 illustrates the main steps of this experi-
mental approach.
3.4. Simulation of a micro–machining process
The surface profile H(x, y) created by the microstructuring process can be
directly calculated once the average ablated profile hav(x, y) is known. That
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is, the surface profile follows from
H(x, y) =
N∑
i=1
hav(x+ xi, y + yi), (3.16)
where N is the number of applied pulses located at positions (xi, yi), ac-
cording to the machining strategy. Here, the term machining strategy refers
to the spatial locations of the applied pulses on the surface.
The laser pulses are usually arranged into laser tracks, which consist of
straight lines scanned across the substrate at a given scan velocity v of the laser
beam relative to the substrate. The scanning velocity and the laser repetition
rate f both determine the spatial separation between consecutive laser pulses.
In most cases, the laser pulses spatially overlap. The pulse overlap, OL, is
then a design parameter and is defined here as
OL = 1− vB
f · d, (3.17)
where vB is the beam velocity, f is the repetition rate of the laser, and d is
the beam diameter at the surface of the substrate. The laser tracks have to be
arranged according to a suitable pattern, to create a desired microstructure
S(x, y). In the case the required depth of S(x, y) can not be achieved by a
single pass of the laser spot in the trajectory (given by the machined strategy),
several ‘‘layers’’ along the z axis are required. Hence, the positioning and
relative orientation of consecutive layers is an additional design parameter.
The simulated area consists of a rectangular regular grid which initial height
is set to zero. The first pulse will generate a surface profile according to the
calibration curve, h(x, y) which is illustrated in figure 3.3(b). The surface
profile H(x, y) is then updated, correcting the depth at each location of the
grid according to its relative location with respect to the previous pulse. This
is given by H(x, y)i = H(x, y)i−1 + h(xi + dx, yi + dy), where dx and dy are
respectively the lateral displacements of the laser spot in the (x, y) plane, given
by the selected machining strategy.
Figure 3.3 summarizes the modelling approach. A laser pulse with a given
spatial intensity profile, figure 3.3(a), generates an ablated profile h(x, y), fig-
ure 3.3(b), which is employed for the simulation of two surface profiles, fig-
ures 3.3(c) and (d). That is, these surface profiles are created from parallel
laser tracks, which are machined respectively with a low, figure 3.3(c), and a
high, figure 3.3(d), pulse overlap.
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Figure 3.4.: Example of a machining strategy. The trajectory of the laser spot is
arranged into two sets of straight and parallel tracks, which are scanned
orthogonally. This machining strategy is referred here to as a hatched
pattern.
3.5. Evaluation of geometrical requirements
In general, achieving a functional microstructure requires the creation of sur-
face features with an adequate geometry. The fulfillment of the geometrical
requirements may consist of achieving, for example, microstructures with a
certain shape, depth, aspect ratio or slope.
In the remainder of this thesis, a given machining strategy, consisting of
a regular hatched pattern, is selected as an example. The hatched pattern
consists of two sets of straight and parallel laser tracks, which are scanned
orthogonally, at a constant speed and repetition rate, see figure 3.4. As a
result of the material removal process, pillar–like features will result from the
process, see figure 3.5(b). In chapter 6, this pillar–like structure is shown to
provide a substrate with water repellent properties. In order to achieve this
functionality, the pillars should reach a minimum slope at the sides of the
pillars, and the separation between the peaks of the microstructure should not
exceed a certain value. These geometrical requirements are further described
in chapter 6. For the remainder of this chapter, as well as chapter 4, is suffices
to summarize the main geometrical parameters of the hatched pattern as:
• the distance between parallel lines, referred to as the hatch distance (hd)
• the pulse overlap, (OL)
• the number of laser cycles (NL), that is, the number of times a machining
strategy is repeated
Figure 3.5(c) shows the cross section of a surface profile created by apply-
ing the hatched pattern, for increasing number of laser cycles. The procedure
to achieve the desired profile S(x, y) runs iteratively, calculating the average
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Figure 3.5.: Evolution of the cross–section of a simulated microstructure, H(x, y), af-
ter increasing number of applied laser cycles, NL. The increased depth
and/or slope of the surface features is calculated after each laser cy-
cle. The simulation is stopped when the required geometry, S(x, y), is
achieved.
slope of the pillars after a laser cycle is finished, and stopping when the re-
quirement regarding the slope is met. The separation between the laser tracks
is also systematically varied. The model yields then as an output the required
machining strategy, that is, the pulse overlap, distance between laser tracks
hd and number of laser cycles, that are required to fulfill the geometrical re-
quirements.
3.6. Application range
The proposed model of the microstructuring process has so far been considered
as the result of a repeated single-pulsed process, from which a surface profile
H(x, y) can be calculated from the accumulated contribution of individual and
independent pulses. However, a number of phenomena may become relevant
during a multi–pulsed process, introducing inter-pulse interactions that may
modify the ablation process and therefore limit the applicability of the model.
These effects are related to, among others, the changing geometry, the rate
of residual energy diffusion into the bulk and to the accumulation of removed
matter nearby the interaction zone. As a result, the linearity of the removal
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process is limited to certain processing conditions. These effects are further
discussed below.
Pulse energy
As discussed in section 2.4, the local fluence level of a laser pulse determines
the actual mechanism(s) responsible for material removal. The ablation rate,
and the size and morphology of the profile depend strongly on this parameter.
Increasing the fluence does increase the ablation rate, but the processing qual-
ity is greatly disturbed when the pulse energy exceeds a certain value. This
can been attributed to a change in the ablation mechanism, as the thermal
regime is approached with increasing pulse energy, as discussed in section 2.2.
The modelling approach presented in the previous section is not applicable to
this thermal regime.
Therefore, the selection of the pulse energy consists of experimentally iden-
tifying the range of pulse energies which limits the ablation to a depth close
to the optical penetration depth (section 3.2.1). The ablation process in this
regime leads in general to a more controllable process, where the maximal
ablated depths, as well as the presence of molten layers and residue, are sig-
nificantly reduced [10].
Heat accumulation
The ablation of material is considered to be completed before the next pulse
arrives at the surface of the material. This assumption is applicable for mod-
erate pulse frequencies and energies. That is, if the pulse frequency and/or
the pulse energy increases, the time between pulses may not be sufficient for
the diffusion of residual thermal energy out of the laser-material interaction
zone. As a consequence, the temperature of the substrate will increase with
each subsequent pulse.
Luther-Davies et al. [64] have investigated the influence of heat accumulation
when processing materials with low thermal conductivity at high repetition
rates. Repetition rates in the MHz regime were required to produce a notice-
able change in the ablation process of glass, which is a thermal insulator. The
effect of heat accumulation in a multi-pulsed process has to be analyzed for
each particular case.
Particle confinement
In the case of deep microstructures, ablated material may not be ejected in
time from the interaction zone, resulting in a partial shielding of the incoming
laser pulses. Material may also re-condense on the surface of the material and
in the created micro-structure. As a result, the amount of energy available for
material removal, and the efficiency of the process, decreases. If the intensity
of the pulse suffices, the ejected material may also be ignited, providing an
additional mechanism for material removal. The ignition of ejecta, or optical
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breakdown, simultaneously increases the reflectivity. The combined effect of
these phenomena results into a non-linear relation between the applied num-
ber of pulses N and the depth at that location h(x, y). The microstructures
which are the subject of study in this work gain their functionality when rel-
atively shallow structures are created, so these effects are presumed to have a
negligible effect.
Multiple reflections and surface roughness
It is known that the absorption of optical energy is further enhanced due to
multiple reflections within the created microstructures. Percussion drilling ex-
periments with linear polarized laser light have revealed the existence of two
different ablation regimes, as a function of the hole depth [65, 66]. The ma-
terial removal process proceeds at a constant rate per pulse, up to a certain
number of applied pulses [66]. After a certain number of pulses, new mech-
anisms modify, and eventually dominate, the material removal process. As a
consequence, the linearity is lost. These have been related to different coupling
mechanisms between reflected polarized rays [65].
Material removal by laser ablation creates rough surfaces, which may result
into an increased absorption for successive pulses, due to multiple local reflec-
tions. The creation of rough surfaces has been suggested as an explanation
for an increased absorption of laser light [67,68]. This effect would then result
in an extended linear range, as an increased (local) absorption reduces the
relative contribution of the coupling effects introduced above.
3.7. Conclusions
A method, capable of predicting the surface profile emerging after a mi-
crostructuring process with short laser pulses has been developed. The ap-
plicability of the model for the prediction and design of microstructures with
a functionality, depends on the range of sizes and depths that can be predicted.
As a structure becomes deeper, several effects alter the ablation mechanisms.
These can be related to geometrical changes and particle confinement. The
relative contribution of such effects strongly depends on the system in consider-
ation, that is, the laser source, the material to be processed and the particular
microstructure. Hence, the applicability range for this approach needs to be
assessed for each specific case. Therefore, the main assumptions of the model,
and its applicability are experimentally verified and discussed in chapter 4.
4 | Empirical model
& validation
In this chapter, the model developed in the previous chapter is experimentally
verified. More specifically, the range of application (or process-window) of
the model is experimentally determined. To that end, average ablated profiles
are measured and used for the simulation of a laser microstructuring process.
Different processing conditions are selected and systematically varied, to as-
sess the accuracy of the model by a direct comparison between predicted and
measured surface profiles.
4.1. Introduction
In the previous chapter, a model was developed which predicts the surface
profile emerging from a laser micromachining process, on the basis of a pre-
defined machining strategy. It was stated that the validity of this model is
limited to the laser processing conditions within the so-called optical regime.
This chapter is aimed at establishing the range of processing conditions, or
process window, for which a multi–pulsed ablation process remains within a
linear regime, in terms of ablated depth per pulse. The application range of
the model will be defined in terms of the maximum energy per pulse, and max-
imum number of pulses. Next, several surface profiles calculated by the model,
will be directly compared to experimental data, to assess the applicability and
accuracy of the model for the creation of functional surfaces.
4.2. Experimental setup, material and methods
Laser setup
A Yb:YAG picosecond pulsed laser source was employed, operating at a central
wavelength of 1030 nm, and delivering pulses with a duration of about 7 ps,
with a nearly Gaussian beam spatial profile (M2 < 1.3). The laser radiation
42 4. Empirical model & validation
Table 4.1.: Properties of the picosecond laser source.
Property Central wavelength Second harmonic Third harmonic
1030 nm 515 nm 343 nm
Average power 50 W 25 W 15 W
Max. pulse energy 125 µJ 62.5 µJ 37.5 µJ
Repetition rate 1 – 400 kHz
Pulse duration < 7ps
Beam quality M2 < 1.3
Polarization Linear
Intensity profile Gaussian
was linearly polarized. Second, as well as third, harmonic generation units,
referred to as respectively SHG and THG, were available for converting the
central wavelength to, respectively, 515 nm and 343 nm. This laser source is
capable of delivering a maximum average laser power of 50 W at its maximum
repetition rate of 400 kHz. The corresponding maximum pulse energies are 125
µJ in infrared, 63 µJ in green and 38 µJ in ultraviolet. Table 4.1 summarizes
the main properties of the laser source.
Manipulation of the laser beam over the samples was accomplished by a
two-mirror Galvo-scanner system. A telecentric f-θ lens with a focal length of
103 mm was employed for beam focusing. This optical setup has an estimated
absolute positioning accuracy of 1 µm. The beam diameter at the focus was
measured using the well-known D2 method [69]. The diameters were found
to equal 30 and 16 µm at the laser central wavelength (1030 nm), and at
its second harmonic (515 nm) respectively. The resulting beam diameter at
the focus, and the depth of focus of the selected lens, of about 400 µm at
515 nm, allowed obtaining surface features with a similar geometry across
areas of typically 40x40 mm2, which are large enough for testing their fluidic
functionality. A combination of a λ/2 and a polarizing beam splitting cube
were employed for beam attenuation. The materials were machined under
environmental conditions at constant temperature with control of the relative
humidity. Figure 4.1 shows a schematic view of the employed experimental
setup.
Material
A stainless steel X5CrNi18-10 grade (EN 1.4301), was selected for the exper-
imental validation of the model. Stainless steel has a relatively low thermal
diffusivity (0.04 cm2/s), and it is mainly composed of transition metals, see
table 4.2. Transition metals have a strong electron–phonon coupling, thus re-
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Figure 4.1.: Laser setup.
quire a relatively short time for the thermalization of their lattices. The ther-
malization time for iron is remarkably short, of around 0.5 picoseconds [70].
As a result, this substrate effectively confines the absorbed energy close to the
surface and the laser-material interaction zone, which suits well the hypothesis
of the model regarding the limited energy transfer to the material surrounding
the laser-material interaction zone. The samples were mechanically polished
to a roughness RRMS below 50 nm, which is a roughness level comparable to
the typical feature size obtained after laser ablation with single pulses.
Methods
The orthogonal hatched pattern introduced in chapter 3, see figures 3.4 and
1.3(b), was selected for the creation of test surface profiles and, via a direct
comparison between measured and calculated surface profiles, for validation
of the model. The surface profile emerging from this pattern shows changes
in both slopes and depths. Further, in this pattern some areas are exposed to
a doubled energy input, at the crossing of the laser tracks, while some areas
have less exposure to the laser radiation, i.e. at the lateral edges of the laser
tracks. This machining strategy therefore allows to study the process window
of the model.
The laser created surface profiles were analyzed by means of confocal laser
scanning microscopy (CLSM). The acquired data contained depth information
at each location on the xy plane. The resolution in the xy plane of this
instrument is 45 nm, at the maximum magnification of the microscope. This
allowed for a sufficient lateral resolution, considering the micrometric-sized
Table 4.2.: Typical composition of stainless steel X5CrNi18-10, atomic %.
Material C Mn P S Si Cr Ni Fe
SS304 0.08 2.0 0.045 0.030 1.0 18.0-20.0 8.0-10.50 Balance
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Figure 4.2.: SEM image (left) of a crater generated by 400 pulses at a peak incident
fluence of 0.43 J/cm2. The corresponding surface profile shown in this
image (red curve) was acquired by CLSM. The SEM image reveals details
that cannot be resolved by CLSM, like redeposited material around the
perimeter of the crater or the so-called Laser Induced Periodic Surface
Structures (LIPSS). The length of the scale bar in the SEM picture is 10
µm. The graph to the right shows the surface profile acquired by CLSM.
features created in this work. At locations in the xy plane exposed to a low
intensity of the laser radiation, e.g. at the wings of the Gaussian intensity
profile, the ablated depth is too small to be resolved by the CLSM. Therefore,
a sufficient number of pulses were applied. The surface profiles created by
the first tens of pulses were then excluded from the calculation of the average
ablated profiles hav(x, y).
4.3. Process window & pulse energy range
As discussed in section 2.4, the pulse energy directly affects the ablated depths,
the geometry of the resulting ablated profile and the reproducibility of the
material removal process. In general, this parameter has the largest influence
on both the quality of a created microstructure and the processing speed.
Further, as discussed in section 3.3, a linear relation between ablated depth,
hN (x, y), and applied number of pulses, N , can be expected, for a limited
range of pulse energies as well as for a limited number of pulses. In order to
determine these ranges, several ablated profiles were created by laser pulses
at increasing energy levels, on the same location of the surface. These profiles
were measured by confocal microscopy, obtaining depth information at each
exposed location.
Figure 4.2 shows an example of a SEM image of a crater generated by 400
pulses at a peak incident fluence of 0.43 J/cm2. The corresponding surface
profile is acquired by CLSM and it is shown in figure 4.2 (right). The SEM
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Table 4.3.: Process window for the linear multi-pulse material removal process by
short laser pulses. Processing conditions: <7 ps pulses at 515 nm. Sub-
strate: polished stainless steel X5CrNi18-10.
Pulse energy, Peak fluence, Max. number Max. depth,
µJ J/cm2 of pulses µm
0.45 0.43 >500 >10
0.55 0.52 >500 >10
0.8 0.76 ≈200 ≈5
1.3 1.23 ≈200 ≈5
2.7 2.67 <200 <5
image reveals details that cannot be resolved by CLSM, like redeposited mate-
rial around the perimeter of the crater or the so-called Laser Induced Periodic
Surface Structures (LIPSS) [71, 72]. These features have typical lateral sizes
below 1 µm, which are dimensions below the scope of the current analysis.
The effect of submicrometric surface features on the fluidic functionality is
further discussed in section 6.4.
Figure 4.3 shows measured ablated profiles created with an increasing num-
ber of pulses, ranging from 100 to 500, at four peak fluence levels. As can be
observed from this figure both the ablated depth at any given location, and
the diameter of the ablated profile, or ‘‘crater’’, increase with (peak) fluence
as well as with number of applied pulses.
For each combination of peak fluence and number of pulses N=200, an aver-
age ablated profile hav(x, y), solid red curves in figure 4.3, was fitted following
a procedure described in appendix I. This fit is just a visual aid to guide the
eye, and it is not based on any physical relation. As mentioned above, the
average profile, following tightly the experimental data points, was determined
for the profile generated by 200 laser pulses. Next, to assess the linearity of
the process, the curve was accordingly multiplied by the ratio of N/200, where
N is the actual number of applied pulses, to obtain curves at N number of
pulses (see dashed curves in figure 4.3). This gives a qualitative indication of
the linear dependency of the ablated depth, h(x, y) with the number of ap-
plied pulses, N . This linearity in the multi-pulsed ablation process is further
assessed in section 4.4.
The ablated profile was measured down to a depth of about 10 µm, when
processing at a peak fluence of 0.43 J/cm2, figure 4.3(a). However, when the
pulse energy was further increased, voids were formed at the bottom of the
craters and hampered the CLSM measurements, for peak fluences of and above
0.76 J/cm2, see figures 4.3(b) to (d). These effects were observed after a few
tens of pulses. This limits the model to processing conditions which would
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Figure 4.3.: Cross-section along the x-axis of a surface profile of a stainless steel
X5CrNi18-10 polished substrate after exposure to increasing number of
pulses at a fixed location, at a wavelength of 515 nm. Number of pulses
100, 200, 300 and 500, (a), and 50, 100 and 200, (b), (c) and (d). Applied
peak fluence levels, (a) 0.4, (b) 0.8, (c) 1.2 and (d) 2.7 J/cm2, respec-
tively. The solid red lines represent average profiles, see text for details.
The insets show confocal microscope images of the resulting craters after
500 pulses, (a), and after 300 pulses (b), (c) and (d). The size of the scale
bar in the insets is 10 µm.
result in craters not deeper than about 5 µm. The insets in figure 4.3 show
confocal intensity images of the ablated profiles after 500 pulses, figure 4.3(a),
and after 200 pulses for figures 4.3(b), (c) and (d). The formation of voids and
the observed increased reflectivity at the bottom of the ablated profiles can
be attributed to the presence of increasingly thick molten layers, and to the
nucleation of gas and/or liquid phases within these, as a result of the energy
excess. The formation of voids indicates the transition from the optical to the
thermal ablation regime, see section 2.2. It therefore can be employed as a
criterion for selecting the upper limit of the pulse energy range.
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The linearity of the relation ablated depth and applied number of pulses
is in general lost at these higher fluence levels. The onset for these effects
occurs for this material at about 200 pulses, at a peak incident fluence value
of 0.76 J/cm2. As the pulse energy is further increased, the non-linear effects
become more prominent. That is, the ablated depths increase strongly, as
the thermal regime is reached. Hence, the determination of the processing
window regarding the pulse energy should be based on finding the limit for
the transition into the thermal regime.
Applying laser pulses with a peak fluence in the range up to 0.76 J/cm2
ensures a reproducible process, in terms of ablated depth per pulse, to a suf-
ficient depth, see figure 4.3(a). The maximum number of pulses that can be
applied, at this fluence level, is about 200, which corresponds to an ablated
profile with a maximum depth of about 5 µm. When the peak fluence is de-
creased to 0.43 J/cm2, the number of pulses that can be applied showing a
linear relation between ablated depth and applied number of pulses increases
to 500, corresponding to a maximum depth of the ablated profile of about 10
µm.
4.4. Calculation of ablated profiles
The material removal process at moderate pulse energies below 0.76 J/cm2 was
further studied in order to determine the average ablated profile, hav(x, y).
This average profile will be employed for simulation of the micromachining
process at a later stage. Based on the results from the previous section, two
pulse energies below the transition from the optical into the thermal ablation
regime, with peak fluences of 0.43 and 0.52 J/cm2, were selected for further
study.
Figures 4.4 (a) and (b) show the fitted ablated profiles obtained after laser
processing with an increasing number of pulses, at the two fluence levels. The
applied number of pulses is varied from 100 to 500, with increments of 50
pulses. The plotted smooth curves follow tightly the measured data, and were
obtained after applying the curve-fitting procedure described in appendix I.
The experimental data are not depicted here for clarity, but the relative devi-
ation to the curves is similar to the data shown in figure 4.3(a).
The fitted smooth curves allow for a qualitative study of the depth in-
crease of the ablated profiles as the number of applied pulses increases. Fig-
ures 4.4(c) and (d) show average ablated profiles, obtained by normalizing
each fitted profile in (a) and (b) by the respective number of pulses, i.e.
hav(x, y) = hN (x, y)/N . These normalized average profiles in figures 4.4(c)
and (d) practically overlap, which indeed indicates a linear increase of the
depth with the number of pulses, at each location, for a given pulse energy.
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Figure 4.4.: Cross section of fitted ablated profiles obtained by CLSM, (a) and (b),
and corresponding average ablated profiles hav(x, y), (c) and (d), created
on a stainless steel X5CrNi18-10 surface after a number of pulses, N ,
ranging from 100 to 500. Peak incident fluence levels 0.43 J/cm2, (a)
and (b), and 0.52 J/cm2, (c) and (d). Note the scale difference in depth
between (a), (b) and (c), (d).
Next, a linear fit, in the form hN (x, y) = hav(x, y) · N , was therefore at-
tempted, to relate the ablated depth at each location, hN (x, y), to the applied
number of pulses, N . Each measured ablated profile was first centered and
subsequently averaged, following the procedure described in appendix I. At
least 5 independent measurements were employed per pair of pulse energy and
number of pulses, to reduce statistical errors. The slope of the linear fit yields
the average ablated depth per pulse at a location, in nm/pulse, for the given
material and range of applied pulses at a given energy per pulse. Figure 4.5
shows the location of 4 points across the diagonal of a measured ablated pro-
file, which are below used to illustrate the performed linearity analysis at these
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Figure 4.5.: Average ablated depth (nm/pulse) at 4 locations situated at increasing
radial distance, r, from the center of the modified area, across the di-
agonal; (a) to (d), respectively, 0 (center), 2, 4 and 6 µm. Processing
conditions: <7 ps pulses at 515 nm, peak incident fluence 0.43 J/cm2.
Substrate: polished stainless steel X5CrNi18-10.
locations.
Figure 4.6 shows four typical linear fits calculated at four locations within
the ablated profile created at 0.43 J/cm2, in figure 4.5. That is at: the central
point, (a), and three points successively displaced 2 µm across the diagonal,
following the radial direction, respectively (b), (c) and (d). The average ab-
lated depth at each location, calculated from the fit, results in an ablated
depth rate of 18, 12, 8 and 4 nm/pulse. The distribution of the residuals (bar
plots in Figure 4.6) does not suggest systematic deviations from the linear fit.
This confirms the linear relation between ablated depth and applied number
of pulses for the selected fluence range and range of number of pulses.
An average ablated profile was obtained by simply repeating the calculation
to include all the locations in the xy plane. Figures 4.7(a) and (b) shows
the resulting averaged ablated profile, for the the selected peak fluences of
respectively 0.52 J/cm2 and 0.43 J/cm2. Figures 4.7(c) and (d) depict two
typical cross sections across the ablated profiles, showing the mean ablated
depth at each location along the x-axis. The error bars indicate 95% confidence
intervals for the calculated depth values. It can be noticed that, the maximum
ablated depths, of respectively 18 and 21 nm, fall within typical values for the
optical penetration depth of metals at these energy levels, see table 3.1. The
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Figure 4.6.: Average ablated depth (nm/pulse) at 4 locations situated at increasing
radial distance, r, from the center of the modified area, across the di-
agonal; (a) to (d), respectively, 0 (center), 2, 4 and 6 µm. Processing
conditions: <7 ps pulses at 515 nm, peak incident fluence 0.43 J/cm2.
Substrate: polished stainless steel X5CrNi18-10.
cross-sections, figures 4.7(c) and (d), also reveal a certain asymmetry of the
surface profile, which was attributed to the (measured) asymmetry of the laser
intensity profile.
4.5. Pulse frequency range
Heat accumulation effects have to be addressed before the simulation of a
multi-pulsed process based on the calculation of average ablated profiles de-
rived in the previous section. That is because the model assumes that dissi-
pation of residual heat into the bulk is negligible.
As mentioned before, stainless steel has a short thermalization time, which
may be approximated by the electron–phonon relaxation time of iron, which
is approximately 0.5 picoseconds [10]. The energy transfer from the electron
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Figure 4.7.: Average ablated profiles (a) and (b), and cross sections at two selected
locations: plane I, center (c), and plane II, 5 µm parallel displaced from
the center plane, (d). Processing conditions: <7 ps pulses, 515 nm, peak
incident fluence 0.52 J/cm2, (a), and 0.43 J/cm2 (b). Substrate: polished
stainless steel X5CrNi18-10.
subsystem to the lattice occurs then rapidly. In addition, the relatively low
thermal diffusivity of stainless steel reduces the rate of heat dissipation into
the bulk. As a result, the absorbed energy is efficiently confined to the surface
of stainless steel. These optical and thermal properties are in agreement with
the hypothesis of negligible heat dissipation into the bulk, provided that the
time between laser pulses is long enough to allow for a quick dissipation of the
residual heat from the laser-material interaction zone. If the pulse repetition
rate is increased, the time between subsequent laser pulses reduces. Hence,
it is expected that at a certain pulse rate accumulation of heat may alter the
linearity of the multi-pulsed material removal process.
Ancona et al. [73] studied the effects of processing with high repetition rates
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on the number of pulses required to drill through a 0.5 mm thick stainless steel
sheet with picosecond laser pulses. The required number of pulses to drill
through the sheet was constant for repetition rates up to 400 kHz and fluence
levels above 10 J/cm2. For pulse rates over 400 kHz, the required number
of pulses to drill through the sheet decreased. This was attributed to the
additional contribution due to heat accumulation. The laser source employed
in this thesis operates at a maximum repetition rate of 400 kHz and, therefore,
does not allow for a complete study of heat accumulation effects on metallic
substrates.
The material removal in a multi-pulsed process was considered to proceed
without significant heat accumulation. In order to assess the validity of this
hypothesis, the average ablated profiles from the previous section will be di-
rectly employed in the following to predict the surface profiles, according to
a predefined machining strategy. In order to trigger any heat accumulation,
the repetition rate of the laser source was fixed to its maximum of 400 kHz.
If relevant inter-pulse effects, e.g., due to heat accumulation are significant at
this pulse rate, the average ablated depth per pulse h(x, y) should increase, re-
sulting in an underestimation of the ablated depth per pulse. This inaccuracy
would become apparent when comparing calculated and measured data from
the resulting surface profiles, H(x, y). The accuracy of the predictions of the
model is examined in the next section, by comparing calculated and measured
surface profiles which are micromachined at the maximum repetition rate of
the laser source.
4.6. Simulation & validation of a surface
microstructuring process
The calculation of average ablated profiles hav(x, y) allows for the simulation
of a microstructuring process. Recall that, this process consists, in general, of
scanning a laser spot according to a given machining strategy (i.e. a trajectory
of the laser spot over the surface), resulting in partially overlapping laser pulses
to remove material from a surface. This material removal process by multiple
laser pulses leads to a microstructured surface, H(x, y).
The hatched pattern, introduced in section 3.5, was employed as the ma-
chining strategy for this validation. Here, the distance between parallel laser
tracks, referred to as the hatch distance hd, and the number of layers to be
applied, were systematically varied from 16 to 19 µm and from 40 to 70 laser
cycles, respectively, to calculate several microstructures. The ablated profile
h(x, y), obtained at a peak fluence value of 0.43 J/cm2, shown in figure 4.7(c),
was employed for the simulations.
The accuracy of the predictions of the model was examined by comparing
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Figure 4.8.: Calculated surface profile (left) and measured surface profile (right) ob-
tained from the following processing conditions: peak fluence 0.43 J/cm2,
<7ps pulses at 515 nm, 94% pulse to pulse overlap, distance between the
laser tracks: 19 µm. 40 laser cycles are applied.
calculated surfaces and measured surface profiles obtained after laser process-
ing. As the coordinate systems of the simulations and the confocal microscope
do not coincide, the x-y coordinates of the measurements need to be aligned
to the x-y coordinates of the simulations, for a fair comparison between model
and experiment. Figure 4.8 shows a simulated and a measured surface profile
after the alignment process. This alignment was based on a procedure to find
a reference position, (xref , yref , Href ) as well as a relative orientation, ψ, of
the coordinates of the model, (x, y,H)model, and the coordinates of the mea-
surement, (x, y,H)measured, that minimizes the root–mean square deviation,
σx,y,ψ as
σx,y,ψ =
√√√√ 1
n− 1
∑
∀H(x,y)
(Hmodel +Href −Hmeasured)2 (4.1)
Figure 4.9 shows the result of the comparisons between simulations and
measured surface profiles. The simulated surfaces are depicted, employing
the calculated relative error (100 · (Hmeasured − Hmodel)/Hmeasured) at each
location to color the surface. As can be observed from this figure, the relative
error increases with number of laser cycles. For 60 laser cycles or less, the
relative error of the model is less than 8 %.
Figure 4.10 shows a comparison between simulated and measured surface
profiles, (a) and (b) respectively, as well as two cross sections, (c) and (d),
respectively aimed at a direct visual comparison of the results of this modelling
approach, for the following processing conditions: peak incident fluence 0.43
J/cm2, <7 ps pulses at 515 nm, 94% pulse to pulse overlap, distance between
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Figure 4.9.: Comparison between the simulated surface profiles and experimentally
obtained surface profiles after increasing number of laser cycles, 40, 50,
60 and 70 respectively (a), (b), (c) and (d). Processing conditions: peak
incident fluence 0.43 J/cm2, <7 ps pulses at 515 nm, 94% spatial pulse
to pulse overlap, distance between parallel laser tracks, hd = 19 µm. The
relative error between the simulation and the experimental data (in %)
is visualized by the colormap indicated by the colorbar.
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Table 4.4.: Root mean squared (RMS) and normalized root mean squared of the devi-
ations of a cross section of a simulated area of 90x90 µm and a 2D profile,
along the diagonal of the simulated area, as a function of the number of
laser cycles. Processing conditions: peak incident fluence 0.43 J/cm2, <7
ps pulses at 515 nm, 94% pulse to pulse overlap, distance between parallel
laser tracks 19 µm.
Figure Laser RMS NRMS RMS NRMS
cycles area, µm area, % diagonal, µm diagonal, %
4.10 40 1.2 6.5 0.9 5.1
4.11 50 1.5 6.8 1.5 7.2
4.12 60 2.0 7.7 1.5 6.7
4.13 70 2.8 12.1 2.8 12.2
the laser tracks: 19 µm and 40 laser cycles. Figures 4.11 to 4.13 show similar
comparisons for 50, 60 and 70 laser cycles, respectively.
For further numerical comparison between simulations and experiments, the
root–mean square (RMS) and normalized root–mean square (NRMS) of the
deviations of the simulated areas and cross sections across its diagonals were
determined. Table 4.4 summarizes these results. These respective calculated
and measured surfaces and the cross sections are shown in Figures 4.10 to 4.13,
on pages 57 to 60. As can be observed from these figures and from the statisti-
cal values in table 4.4, the model is capable of predicting the resulting surface
profiles with an error less than 8%, up to 60 laser cycles.
Finally, figure 4.14, on page 61, shows a last comparison between simulated
and measured surfaces, in the case the hatch distance hd between the laser
tracks is varied from 16 to 20 µm. It can be observed that the accuracy of the
predictions does not qualitatively change as the hatch distance is varied, for a
fixed number of laser cycles.
The accuracy of the model is progressively reduced as the number of laser
cycles increases, but it is insensitive to the separation of the laser tracks. The
areas showing larger deviations between calculated and experimental data are
located at the cross of the laser tracks, where the deepest valleys are created.
In addition, for an increasing number of cycles over 60, the prediction at the
center of the (deeper) laser tracks becomes inaccurate as well.
As a microstructure becomes deeper, multiple reflections within the gener-
ated cavities may enhance the absorption of optical energy, resulting in an
increased efficiency for the material removal process. This effect would ex-
plain the underestimated ablated depth at the center of the laser tracks. As
the number of laser cycles is further increased, the predicted depth at the
slopes of the microstructure is also underestimated, see red areas in figure 4.9.
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This might be attributed to additional mechanisms for material removal, such
as the generation of a plasma after ignition of the ablated particle cloud. With
increasing number of laser cycles, the ejected particle cloud becomes confined
by the created microstructure, so it might not diffuse quick enough out of the
interaction volume, before the next pulse arrives to the substrate. The ignition
of the ablated vapour cloud has been proposed as an additional mechanism
for material removal by short laser pulses [74].
Further, as a microstructure becomes deeper, the removed material might
accumulate within the generated cavities, reducing the efficiency of the mate-
rial removal process, see black areas of figure 4.9. These effects are in accor-
dance with the onset of the phenomena occurring at deep valleys, as discussed
in section 3.6. However, the accuracy of the CLSM measurements also de-
pends on the depth of the microstructure. The CLSM employs an optical
signal coming from the reflection of a laser beam on the surface that is being
measured. As a structure becomes deeper, the strength of the reflected opti-
cal signal decreases, and measurement uncertainty is introduced. This effect
reaches a maximum when measuring the depth at the cross of the laser tracks,
black areas in figure 4.9. This uncertainty in the measured depth would also
justify the apparent inaccuracy of the model at the deepest locations. In spite
of these uncertainties, the model will be shown to suffice for the simulation of
the functional microstructures which are the subject of study in this work.
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Figure 4.10.: Simulated (a) and experimental (b) surface profiles measured by CLSM,
as well as cross sectional comparisons, (c) and (d), between simulated
and measured structures at processing conditions: peak incident fluence
0.43 J/cm2, <7 ps pulses at 515 nm, 94% pulse to pulse overlap, distance
between the laser tracks: 19 µm. 40 laser cycles are applied.
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Figure 4.11.: Simulated (a) and experimental (b) surface profiles measured by CLSM,
as well as cross sectional comparisons, (c) and (d), between simulated
and measured structures at processing conditions: peak incident fluence
0.43 J/cm2, <7 ps pulses at 515 nm, 94% pulse to pulse overlap, distance
between the laser tracks: 19 µm. 50 laser cycles are applied.
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Figure 4.12.: Simulated (a) and experimental (b) surface profiles measured by CLSM,
as well as cross sectional comparisons, (c) and (d), between simulated
and measured structures at processing conditions: peak incident fluence
0.43 J/cm2, <7 ps pulses at 515 nm, 94% pulse to pulse overlap, distance
between the laser tracks: 19 µm. 60 laser cycles are applied.
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Figure 4.13.: Simulated (a) and experimental (b) surface profiles measured by CLSM,
as well as cross sectional comparisons, (c) and (d), between simulated
and measured structures at processing conditions: peak incident fluence
0.43 J/cm2, <7 ps pulses at 515 nm, 94% pulse to pulse overlap, distance
between the laser tracks: 19 µm. 70 laser cycles are applied.
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Figure 4.14.: Cross sectional comparison of simulated and experimental structures for
three values of the hatch distance hd between laser tracks, respectively
top figure to bottom figure: 16, 18 and 19 µm. Processing conditions:
peak incident fluence 0.43 J/cm2, <7ps pulses at 515 nm, 94% pulse to
pulse overlap, 40 laser cycles.
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4.7. Conclusions
The material removal process of a stainless steel X5CrNi18-10 grade by picosec-
ond laser pulses was shown to be linear with respect to the applied number
of pulses, for a limited regime. Average ablated profiles were calculated by
extending a linear fit, relating depth with the applied number of pulses, to
all locations exposed to the laser radiation. The process window of the linear
model was determined in terms of the applied pulse energy. The processing
conditions leading to the so–called cold ablation regime were shown to give a
reproducible linear multi-pulsed process, for a range of incident fluence below
0.8 J/cm2, and number of applied pulses ranging from 100 to 500.
An extended analysis for the selected substrate revealed the applicability
of the model for the simulation of microstructures, up to a maximum depth
of about 20 µm. Experimental data showed that the multi-pulsed material
removal process is linear with the number of pulses up to a pulse repetition
rate of at least 400 kHz.
Part II.
Laser-generated functional
microstructures
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5.1. Introduction to part II
The model developed in chapter 3 and validated in chapter 4 is employed in
this second part of this thesis, as a tool for the design of fluidic microstruc-
tures, as well as for the investigation of different fluidic functionalities based on
these structures. Moreover, simplified fluidic models are introduced, to relate
the geometry of a microstructure to the fluid-microstructure interaction. This
step allows for the calculation of the laser processing parameters, i.e. the laser
machining strategy, that is required to obtain a desired functional microstruc-
tured surface. Further, modifying key geometrical parameters, as for example
depths or slopes of the microstructure, allows investigating some of the fluidic
mechanisms responsible for the functionality. Hence, additional knowledge on
the fluid-microstructured surface interaction can be (and will be) gained by
this approach. The following functional surfaces are further considered in the
second part of this thesis:
• superhydrophobic surfaces,
• Leidenfrost point reduction on microstructured surfaces, and
• capillary droplets on Leidenfrost micro-ratchets,
each of which will be briefly introduced in the remainder of this chapter.
5.2. Superhydrophobic surfaces
As already indicated in chapter 1.2, laser micromachining can be employed
as a tool for creating surfaces with extreme water repellent properties. That
66 5. Laser-generated functional microstructures
is, water drops bed up and roll easily of these surfaces, which are therefore
referred to as superhydrophobic. In chapter 6, the hatched crossed pattern in-
troduced in the previous chapters (see for example section 3.5 and figure 3.4)
is exploited to create microstructures on a stainless steel substrate which is
afterwards coated to obtain surfaces with water repellent properties. The
geometry obtained after applying selected laser processing conditions is com-
bined with the chemical properties of the material, to predict the resulting
water repellency.
The contribution of multiple scaled surface roughnesses to water repellency
has also been the subject of extended research [75–78]. That is, dual micromet-
ric & sub-micrometric scaled roughnesses can be created, by proper selection
of the laser processing conditions. The relative contribution of each roughness
scale to the wetting properties of a substrate is experimentally verified and
discussed in chapter 6, as well as in two papers:
• Arnaldo del Cerro, D. and Römer, G.R.B.E. and Huis in ’t Veld, A.J.
Picosecond laser machined designed patterns with anti-ice effect. In:
11th International Symposium on Laser Precision Microfabrication (LPM
2010) Stuttgart, June, 7-10, 2010 , referred to as paper A.
• Römer, G.R.B.E. and Arnaldo del Cerro, D. and Sipkema, R.C.J. and
Groenendijk, M.N.W. and Huis in ’t Veld, A.J. Ultra short pulse laser
generated surface textures for anti-ice applications in aviation, pp. 30-
37 in Proceedings of the ICALEO 2009, Orlando, USA, November, 2-5,
2009, referred to as paper B.
Paper A analyses the relation between the wetting properties of several laser-
machined microstructures. Both the geometry of the microstructures, as well
as their chemical composition, are shown to lead to the desired functionality.
Paper B provides an extended experimental analysis of the water repellent
properties of a superhydrophobic surface in order to achieve a substrate with
ice-repellent properties. Both papers can be found after chapter 6, starting
from page 83.
5.3. Leidenfrost point reduction on microstructured
surfaces
A liquid droplet levitates above its own vapour, when deposited on a hot
surface exceeding a critical temperature, which is referred to as the Leidenfrost
point [79]. The Leidenfrost point depends on several factors. One of the most
studied factors has been the surface roughness. Traditionally, the surface
roughness has been shown to increase the temperature required to observe the
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phenomenon [80–83]. However recently, micrometric surface patterns have
been shown to be capable of decreasing the Leidenfrost point [84].
In chapter 7, laser micromachining is employed as a tool for the design of
surface microstructures that substantially reduce the Leidenfrost point. The
relation between the decrease of the Leidenfrost point and the geometry of
the microstructures is further discussed. In the paper Arnaldo del Cerro, D.
and Marín, Á.G. and Römer, G.R.B.E. and Pathiraj, B. and Lohse, D. and
Huis in ’t Veld, A.J. Leidenfrost Point Reduction on Micropatterned Metal-
lic Surfaces, Langmuir 28(42):15106-15110, 2012, referred to as paper C, the
contribution of the size and spatial distribution of the created surface features
to the measured temperature reduction is analyzed. This paper can be found
after chapter 7, starting from page 95.
5.4. Capillary droplets on Leidenfrost
micro-ratchets
A liquid drop levitating on a surface at a temperature above the Leidenfrost
point drifts freely across the surface. However, when the surface is covered with
an asymmetric ratcheted microstructure, a force is exerted on the droplet and
as a result it will move in a preferential direction. The mechanisms responsible
for this directional flow are the subject of current fundamental research [85–88].
The laser microstructuring process employed in this work is exploited for the
creation of well–defined asymmetric surface microstructures, which promote
the directional flow of droplets.
More specifically, in chapter 7, several machining strategies leading to mi-
crometric sized ratchets are analyzed & discussed. The resulting micrometric-
sized ratchets allow propelling capillary drops and, as a consequence, studying
the physical mechanism for the directional flow. The paper Marin A.G. and
Arnaldo del Cerro D. and Romer G.R.B.E. and Pathiraj, B. and Huis in ’t Veld
A.J. and Lohse D. Capillary droplets on Leidenfrost micro-ratchets, Physics of
Fluids, 2012;24(12):122001-10, referred to as paper D, includes measured ac-
celerations and velocities of the droplets, which are fitted to a simplified model
for the force exerted on the drop, to provide evidence supporting one of the
proposed mechanisms for the flow. This paper can be found after chapter 7,
starting from page 105.
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Microstructuring by (ultra) short laser pulses can be employed to modify the
wetting properties of a surface. This chapter is aimed at determining a suit-
able laser micro-machining process that allows for the creation of a surface
topography with water repellent properties. An additional study on the poten-
tial ice-repellent properties of a water repellent surface is discussed in papers
A and B, which are part of this chapter.
6.1. Introduction
As discussed in chapters 1 and 3, the wetting properties of a broad range of
materials can be modified by texturing the surface using laser micromachin-
ing with short and ultra short laser pulses. Adjusting the surface profile of a
substrate to create a microstructure allows the generation of water-repellent
surfaces. First, the wetting properties of microstructured substrates are dis-
cussed in the following, in order to relate the geometry of a micrometric struc-
ture to the desired water repellent functionality. Next, the model developed
in chapter 3 is employed to establish the laser processing conditions required
to obtain such geometries. Finally, an extended analysis of the potential use
of a laser-generated water repellent surface as an anti-ice substrate is further
discussed in papers A and B at the end of this chapter.
6.2. Wetting of solid surfaces
The wetting properties of a solid–liquid–vapour system are commonly assessed
by means of contact angle measurements. The contact angle that a liquid drop
exhibits, when sitting on top of an ideal flat surface, is given by the balance of
capillary forces acting at the liquid–solid–vapour interface [89], see figure 6.1.
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Figure 6.1.: Solid-liquid-vapour system and definition of contact angle.
This angle is referred to as the Young contact angle, θY [90], and follows from
cos θY =
γvs − γsl
γlv
(6.1)
where γvs, γsl, and γlv are the vapour–solid, solid–liquid and liquid–vapour
interfacial tensions respectively. When water is the liquid under considera-
tion and θY takes values above 90◦, the surface is commonly referred to as
hydrophobic, and hydrophilic, if θY is below 90◦. The maximum value that
θY can take for water drops on a smooth surface is about 120◦ [6, 91].
The wetting properties of a surface depends both on the chemical compo-
sition and topography of the surface. If chemical heterogeneities and/or a
certain roughness level are present on the surface, the contact angle cannot
be calculated by Young’s relation of equation (6.1). However, a liquid drop
frequently adopts the shape of a spherical cap when sitting on a rough sub-
strate. Then, an apparent contact angle, APCA, can be defined to measure
the tendency of a liquid to spread across a rough or chemically heterogeneous
substrate [89].
Apparent contact angles above 150◦, and up to a maximum of 174◦, have
been measured for water drops sitting on different natural and artificial sur-
faces [7, 76, 89, 91]. On such surfaces, millimetric sized drops tend to bead up
and roll-off when the surface is slightly tilted. Surfaces with these character-
istics are commonly referred to as superhydrophobic.
When a solid-liquid-vapour contact line is in motion, e.g. when a droplet
rolls-of a sloped surface, or when a droplet volume is increased/decreased
by pumping, two different dynamic contact angles can be measured at the
moving contact line. These angles will in general take different values, while
the contact line advances or recedes across an area, see figure 6.2. These angles
are respectively referred to as the advancing and receding contact angles. The
maximum difference between these angles is referred to as the contact angle
hysteresis, CAH [6,7].
If the contact angle hysteresis approaches zero, a liquid drop offers little
resistance towards movement when an external force is applied to it. On a
perfectly homogeneous flat surface, the contact angle hysteresis approaches
zero. A small contact angle hysteresis is also a fundamental property of a
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Figure 6.2.: Definition of contact angle hysteresis. The contact angle hysteresis is the
difference between the advancing and receding contact angles, respec-
tively θadv and θrec.
superhydrophobic surface. A superhydrophobic surface is defined by that sur-
face having both a high water apparent contact angle, which is larger than
150◦, and a low contact angle hysteresis which is below 10◦ [4].
It is worth to mention that, as the maximum θ Y that can be achieved
on a perfectly flat surface is limited to about 120◦, a surface can only be
superhydrophobic when a suitable topography (or roughness level) is present.
Therefore, in the next section, the wetting properties of rough substrates are
further discussed.
6.3. Wetting of rough substrates: Cassie–Baxter
and Wenzel states
The apparent contact angle of a droplet sitting on a rough surface can be
estimated using two different models, depending on the wetting state of the
liquid-solid-vapour system. If the wetting state is such that a liquid drop is
in full contact with the solid, see figure 6.3(b), the so called Wenzel model
applies [92]. According to this model, the apparent contact angle, θ wr [deg]
follows from
cos θ wr = r cos θY , (6.2)
where r [−] is the ratio between the actual area and the geometric (pro-
jected) area of the surface, and θY is Young’s contact angle, as defined by
equation (6.1) [90]. It follows from the Wenzel model that, when a surface
has a low tendency to be wet by a liquid or, in other words, has a low surface
energy, and if θY is above 90◦ as well, increasing its roughness will further
decrease the spreading of the liquid over the surface, and vice versa.
Equation (6.2) is not appropriate for describing the wetting of rough surfaces
beyond a certain roughness level. In that case, a different wetting state, in
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Figure 6.3.: (a) A droplet sitting on top of a rough substrate showing an apparent
contact angle, APCA. (b) Wenzel state, (c) Cassie–Baxter state. (d)
Roughness definition for the Cassie-Baxter state.
which the liquid drop sits on top of the peaks of the rough substrate may occur,
see figure 6.3(c). In this situation, air is trapped at the deeper parts (valleys)
of the surface roughness, so the liquid is not in full contact with the solid.
This wetting state is usually referred to as the Cassie–Baxter state [93], and
may occur when a surface topography consists of micro-metric sized features
which are ‘‘tightly packed’’. The apparent contact angle for the Cassie–Baxter
state, θ cr [deg], follows from
cos θ cr = rff cosθY + rff − 1, (6.3)
where f [−] is the fraction of the projected solid area that it is in contact with
the liquid, rf [−] is the roughness ratio of the wet area, and θ Y is Young’s
contact angle, see equation (6.1). Equations (6.2) and (6.3) have shown to
provide a good approximation for the apparent contact angle of liquid drops
sitting on top of many different micro-structures [94].
From the previous analysis, it can be concluded that increasing the rough-
ness level can be employed to promote high apparent contact angles on an
initially hydrophobic substrate. However, the actual wetting state which will
occur, either Wenzel or Cassie-Baxter, is in principle unknown. The wetting
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state can be predicted from geometry of the surface features, following a free
energy minimizing approach [95,96]. This approach is briefly discussed in the
next section. A simplified method for determining the actual wetting state can
also be based on finding the location of the solid-liquid-vapour contact line,
see figure 6.3(d) [97–99]. The later method is employed as a design criterion
for the creation of a laser-generated superhydrophobic surface in section 6.5.
The particular shape of a microstructure determines whether the Cassie-
Baxter wetting state will occur. The location of the solid-liquid-vapour contact
line is given by the locations where Young’s condition is met (locally), see
figure 6.3(d). The local slope determines the position of the solid-liquid-vapour
contact line [97–99].
If the surface consists of features with steep slopes, Young’s condition is
met at points close to the peaks of the surface features. In that case, air
can be trapped beneath the liquid drop, see figure 6.3(d). Then a liquid
drop in the Cassie–Baxter state has a limited contact with the solid. Solid-
liquid contact fractions as low as 5 to 10% have been estimated for liquid
drops in such a wetting state [100]. The easy roll-off and other properties
of technological interest, like self-cleaning and anti-ice, have been attributed
to the limited solid-liquid contact of water and a superhydrophobic surface
(SHS) [100, 101]. Designing a surface microstructure with the desired water
repellent properties then consists of finding the proper geometry of the surface
features that minimizes the liquid-solid contact beneath the drop, ensuring
that a Cassie-Baxter state can be achieved.
The Wenzel wetting state may be energetically favoured over the Cassie-
Baxter state, even if a solid-liquid-vapour contact line can be formed around
the peaks of the surface features. Based on free energy minimization ap-
proaches, an additional condition has been proposed to determine the stable
wetting state [102],
cos θC =
rff − 1
r − rff (6.4)
where θC is the so-called critical angle. Equation (6.4) is obtained by equat-
ing the apparent contact angle in equations (6.2) and (6.3), i.e. θW = θCB =
θC . When θC < θY the Cassie–Baxter state is energetically favoured, if
θC > θY then the Wenzel state is energetically favoured [100]. In the fol-
lowing, this criterion is applied to different substrates to determine whether
the Cassie–Baxter state is the favoured wetting state.
The determination of the required geometry leading to a Cassie–Baxter
wetting state consists of finding the location of the solid-liquid-vapour contact
line for a given microstructured substrate, from which the parameters rf and
f of equations (6.3) and (6.2) can be directly calculated. Equation (6.4) can
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be employed afterwards to find the stable wetting state (either Wenzel or
Cassie-Baxter).
In the remainder of this chapter, a material removal strategy using short
laser pulses is developed in order to create well–defined surface features that
allows reaching the superhydrophobic state. The location of the solid-liquid-
vapour interface is first calculated for different processing conditions, and equa-
tion (6.4) is afterwards applied to determine the stable wetting state.
6.4. Wetting properties of dual-scaled rough
surfaces
Natural superhydrophobic surfaces often show a dual–scaled roughness, that is,
the micrometric sized surface features show a superimposed sub-micrometric
roughness level [103]. The presence of this hierarchical dual-scaled roughness
is known to enhance the stability of the Cassie–Baxter wetting state [1, 100].
Laser microstructured surfaces also present multiple scaled roughness levels.
In general, an increased roughness tends to locate the solid–liquid–vapour
contact line at a higher point closer to the peaks. As a result, the solid-liquid
fraction f decreases. It follows from equation (6.4) that the stability of the
Cassie–Baxter state of a substrate with a dual–scaled roughness also vary as
a result of changes in the product rf · f . When considering rough substrates,
rf is, in general, a function of the location of the solid–liquid–vapour contact
point. As a consequence, the product rf · f is unknown. Since for rough
substrates r  rf · f [6], a good approximation of equation 6.4 is
cos θc ≈ −1/r, (6.5)
for real rough substrates [6]. According to this approximation, an increased
roughness r reduces the critical angle, which promotes a stable Cassie–Baxter
wetting state. The water repellent properties of a rough substrate can therefore
be considered to increase, with respect to its equivalent smooth surface.
Unfortunately, there is not a direct method to predict the shape of the
hierarchical structures obtained after laser processing, to establish a direct
comparison between predicted and measured wetting properties of real sur-
faces. The contribution of the dual-scaled roughness, created after laser mi-
cromachining, to the stability of the Cassie–Baxter state is therefore unknown.
However, an experimental approach can be employed to study the effect of the
multiple-scaled roughness to the wetting properties of a laser-generated super-
hydrophobic surface. This is further discussed in the following.
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base process
post-process
Figure 6.4.: Machining strategy for the creation of smooth peaks by post-processing.
A base hatched pattern (black lines) is first applied to create a microstru-
tured surface. A post-processing step (red dotted lines) is afterwards
employed for smoothening the peaks of the created microstructure.
Creating multi–scaled surface features by picosecond laser
pulses
Laser microstructuring allows modifying the roughness level of the peaks of a
previously created microstructure. By properly adjusting the processing con-
ditions, smoothened peaks could be created by applying a laser post-processing
step. This step consists of displacing the laser tracks with respect to their origi-
nal position, in order to process the peaks of the just generated microstructure.
By increasing the energy per pulse to a sufficient level (peak fluence of 0.95
J/cm2), material was removed from the peaks, and the resulting microstruc-
ture showed smooth peaks, see figure 6.5. In this manner, samples with and
without a dual scaled roughness, sharing the same base microstructure, could
be created.
In order to investigate the contribution of a dual-scaled roughness to the
water repellent properties of a laser micromachined substrate, several sam-
ples were produced by the previously described technique. The resulting mi-
crostructures showed contrasting smooth or rough “peaks”, as a function of
the processing conditions, see figure 6.5. The samples were micromachined
on a stainless steel substrate and subsequently coated by chemical vapour
deposition with a thin layer of Perfluorinated OctylTrichloro-Silane (FOTS)
hydrophobic coating, to achieve a superhydrophobic surface. FOTS coatings
form an ideal monolayer on top of the created microstructure. As a conse-
quence, the coating preserves the original shape of the surface profile. Details
on the coating procedure can be found in paper B .
The wetting properties of the resulting samples were measured in terms
of apparent contact angle and contact angle hysteresis. Table 6.1 shows the
results. As discussed before, the sample showing a single-scaled roughness
showed reduced water repellent properties. The sample with a hierarchical
roughness showed both a high apparent contact angle and a low hysteresis.
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(a) (b)
Figure 6.5.: Wetting properties of two laser micromachined substrates. Substrate (a)
presents a dual scale roughness, and water contact angle of 163◦. Sub-
strate (b) has been postprocessed, resulting in smooth peaks and water
contact angle of 151◦. The length of the scale bar is 20 µm.
Table 6.1.: Wetting properties of laser generated microstructures with and without a
dual–scaled roughness. Processing conditions: peak fluence 0.76 J/cm2,
laser pulses of <7 ps 515 nm, 80 laser cycles, track separation of 22 µm.
Sample smooth was (post)processed with a peak fluence of 0.95 J/cm2, 2
cycles.
Pattern Measured APCA Measured CAH
Hierarchical microstructure 163 ≈5
Smooth microstructure 151 >30
The contact angle hysteresis could not be determined for the sample show-
ing a single–scaled roughness, as the solid-liquid-vapour contact line remained
stationary pinned at a fixed location. These results support the idea that sur-
faces showing a hierarchical dual-scaled micro- & submicro-metric roughness
can enhance the water repellent properties of a substrate [104–106].
6.5. Design of laser micromachined
superhydrophobic surfaces
The design of a laser micromachined superhydrophic surface is based in this
work on minimizing the total solid area in contact with the liquid, that is,
reducing the parameter f of equation 6.3. In this manner, high APCA can be
obtained. An additional requirement to achieve the superhydrophobic effect
is to ensure that the CAH remains below 10◦. Unfortunately, there is not a
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(a) (b)
Figure 6.6.: (a) A laser beam guiding strategy for the creation of superhydrophobic
surfaces. (b) SEM micrograph of the resulting surface microstructure.
The length of the scale bar is 20 µm.
direct method to correlate the CAH and the geometry of a microstructure, see
for example the discussion on this regard in reference [107]. Some of the avail-
able models for the prediction of the CAH require a precise knowledge of the
wet area [96], which is in principle unknown for the laser-micromachined sub-
strates. Alternative models rely on relatively complex numerical approaches,
such as Lattice-Boltzmann simulations [108], which are difficult to combine
with an arbitrary chosen surface profile, like those employed in this work.
In the following, an alternative method for the design of a superhydropho-
bic surface, based on ensuring a stable Cassie-Baxter state, is developed. In
any event, a Cassie-Baxter state has been traditionally related to low CAH
values [109].
The hatched orthogonal pattern introduced in chapter 3 allows to generate
suitable superhydrophobic surfaces, see figure 6.6(a). A surface topography
consisting of micrometric sized features emerges as a result of the material
removal process by this machining strategy, see figure 6.6(b). The slope of
the surface features can be adjusted (i.e. chosen) by changing the separation
between the laser tracks, and the number of times that the machining strategy
is repeated (laser cycles). As a typical laser microstructuring process is based
on material removal by laser ablation from a normal incident laser beam, the
surface curvature that is obtained is up–concave. As reported by Tuteja et al,
a top hydrophobic coating is then required for reaching the superhydrophobic
effect [8].
The geometrical design parameters, namely the laser track separation and
the number of laser cycles, have a direct influence on both rf and f , as they
modify the local surface slopes, and thus the location of solid-liquid-vapour
interface. A systematic study and comparison of the wetting properties of the
resulting surfaces is then possible by simply varying the hatch distances and
the number of laser cycles.
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Figure 6.7.: Location of the liquid-vapour-solid contact line for a smooth ideal surface
(a) and a surface showing a superimposed dual-scaled roughness (b).
The model for laser microstructuring introduced in chapter 3, can be em-
ployed to determine the required number of cycles and the track separation
leading to a stable Cassie–Baxter state. The main steps of this procedure
consist of:
1. Simulation/calculation of the surface topography, H(x, y), for a prede-
fined hatch distance, hd, and a predefined number of laser cycles NL, as
described in section 3.5 in chapter 3.
2. Calculation of the solid-liquid-vapour contact line, by applying equa-
tion (6.6).
3. Calculation of rf and f , and estimation of an apparent contact angle by
equations (6.2) and (6.3).
4. Determination of the stable wetting state, by applying equation (6.4).
In the following, this geometrical design of a laser-generated superhydropho-
bic surface is further discussed. Different model surfaces are simulated on a
first step, and their predicted wetting properties are subsequently calculated,
to obtain the processing conditions leading to the superhydrophobic effect.
As a criteria aimed at comparing and designing an optimized microstructure,
ideal smooth surfaces are considered here.
Although the effect of a multi–scaled roughness is known to enhance the
wetting repellent properties of a substrate [104–106], it is expected to have a
limited effect on the optimization process of the microstructure. If a substrate
is rough, see figure 6.7, the actual contact line will in principle fall anywhere
inside the calculated wet perimeter of the equivalent smooth surface. As
the optimization process consists of minimizing the wet perimeter, a rough
structure will perform at least as good as the ideal smooth surface, allowing
for a comparison between the different microstructures.
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Figure 6.8.: Examples of contour plots showing the height (in isolines) of a microstruc-
ture and the gradient of the surface (arrows) of a unit cell. The calcu-
lation of the solid-liquid-vapour contact line is made for two substrates
with changing surface chemistry, θY = 115◦ and 105◦ (left and right, re-
spectively). The red dotted line indicates the average height of the points
where the condition given by equation (6.6) is met. Simulated processing
conditions: 19 µm track separation, 50 laser cycles, peak incident fluence
0.43 J/cm2, <7 ps laser pulses at 515 nm.
As the laser–generated structures created here show periodic profiles, they
can be described well by the repetition of a ‘‘unit cell’’ (i.e. a single peak).
The magnitude of the gradient of the unit cell determines the highest slope at
each point on the surface. The wet perimeter can then be calculated as the
closed curve that meets Young’s condition around a peak of the unit cell, see
equation (6.1) [90]. This calculation allows taking simultaneously into account
the intrinsic wetting properties of the material, via θY , and the geometry of
the microstructure. The wet perimeter is then, based on simple geometrical
considerations, given by
arctan (‖∇H(x, y)‖) = pi − θY , (6.6)
where H(x, y) corresponds to the height value of the calculated surface
profile at the location (x, y). Equation (6.6) allows to calculate the location
of the contact line for an arbitrary shaped smooth surface, as a function of
θY . The solution of this equation is not unique across the unit cell. The wet
perimeter is defined here as the closed curve which is nearest to the peak of
the microstructure.
Figure 6.8 shows the calculation of the wet perimeter for a given laser–
generated structure, for two different θY . The red dotted line indicates the
80 6. Superhydrophobic surfaces
10 15 20 25 30
120
140
160
180
NL = 30
NL = 40
NL = 50
NL = 60
Cassie Baxter
Wenzel
hatch distance, µm
A
P
C
A
,
◦
θY = 115
◦
10 15 20 25 30
120
140
160
180
NL = 30
NL = 40
NL = 50
NL = 60
Cassie Baxter
Wenzel
hatch distance, µm
A
P
C
A
,
◦
θY = 105
◦
Figure 6.9.: Effect of substrate chemistry (θY ) and processing conditions (hatch dis-
tance and NL) on the calculated apparent contact angle (APCA). Sim-
ulated processing conditions: hatch distance 12 to 22 µm, 30 to 60 laser
cycles, peak incident fluence 0.43 J/cm2, <7 ps laser pulses at 515 nm.
Substrate is assumed to be stainless steel X5CrNi18-10, coated with two
different materials with θY = 115◦, left, and θY = 105◦, right. Only the
favoured wetting state, either Cassie Baxter or Wenzel is depicted.
average height of the points where equation (6.6) is met. It can be observed
that the area inside the wet perimeter is larger for the less hydrophobic mate-
rial (smaller θY ), figure 6.8 (right), when compared to the more hydrophobic
material, figure 6.8 (left). As a consequence, the microstructure has a higher
solid-liquid contact area, and thus, decreased water repellent properties (see
section 6.3).
Once the location of the wet perimeter is known, the parameters r, rf and
f in equations (6.2) and (6.3) can be calculated to estimate the apparent
contact angle. The calculation of the surface areas is based on a standard
triangulation. Details on the numerical calculation of the parameters r, rf
and f are given in appendix III. A systematic quantitative comparison of
the wetting properties of different surfaces can now be established, based on
finding the substrate with a higher apparent contact angle, as the number
of laser cycles NL and the hatch distance hd are varied. Equation (6.4) can
be simultaneously employed to determine, for each processing conditions, the
stable wetting state (Wenzel or Cassie-Baxter).
Figure 6.9 shows the calculated apparent contact angle plotted versus hd
and NL, for two materials with different θY of 115◦ and 105◦ respectively.
The red and black dotted lines indicate, respectively, a stable Wenzel and
Cassie-Baxter state. It can be observed that there is an optimal separation
(hd ≈ 15 µm) between the laser tracks that leads to the highest apparent
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Figure 6.10.: Location of the solid–liquid–vapour contact line for samples with de-
creasing slope, which is achieved by increasing the separation hd between
the laser tracks respectively, from (a) to (d): hd = 16, 18, 19 & 20 µm,
50 laser cycles, θY=115◦.
contact angle for a given number of laser cycles. The procedure can also be
employed to determine the minimum number of cycles that are required to
achieve a stable Cassie–Baxter state, for a given track separation.
Figure 6.10 qualitatively shows the effects of changing the hatch distance on
the wet area. As hd decreases, the solid-liquid area also decreases, leading to
higher apparent contact angles. However, at a certain value, further decrease
of the hatch distance results in a relatively strong laser processing (ablation)
of the peaks, which reduces the local slopes. As a consequence, the criteria
for the contact line calculation, equation (6.6), cannot be met anymore, and
Wenzel is the stable wetting state. For a hydrophobic substrate with a θY =
115◦, it is found that a minimum of 40 laser cycles are necessary for reaching
the superhydrophobic state, for a hatch distance between 15 and 20 µm. When
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a less hydrophobic material is employed as a top-coat, the number of required
laser cycles increases to 60.
6.6. Experimental analysis
The laser processing parameters required to reach a stable superhydrophobic
state have been determined by employing the model developed in chapter 3. In
order to experimentally assess their water repellent properties, several trials
patterns were created. The water repellent properties were measured and
further discussed in papers A and B, for laser microstructured surfaces with
hatch distances varying from 15 to 24 µm, number of layers ranging from 40
to 50 and for several materials with different wetting properties.
A superhydrophobic state, characterized by high apparent contact angles
and low contact angle hysteresis, was achieved for selected samples. In ad-
dition, an extended experimental analysis was conducted in papers A and B,
to confirm the potential use of a superhydrophobic surface as an ice repellent
coating, under simulated environmental conditions in an ice chamber. Further,
the contribution of a multiple scaled roughness to the water repellency of a
superhydrophobic surface has been experimentally determined in section 6.4.
Paper A
Picosecond laser machined designed
patterns with anti-ice effect
D. Arnaldo del Cerro, G.R.B.E. Römer and A.J. Huis in ‘t Veld.
In proceedings of the 11th International Symposium on Laser Precision
Microfabrication (LPM 2010), 7 June 2010 - 10 June 2010 , Stuttgart.
URL: http://purl.utwente.nl/publications/79815

Paper B
Ultra short pulse laser generated
surface textures for anti-ice
applications in aviation
D. Arnaldo del Cerro, G.R.B.E. Römer, R.C.J. Sipkema, M.N.W. Groe-
nendijk and A.J. Huis in ‘t Veld
In proceedings of the 28th International Congress on Applications of
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URL: http://purl.utwente.nl/publications/82890
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7 | Surface microstructuring
for the Leidenfrost Effect
Droplets are able to levitate when deposited on a heated substrate. Laser-
generated microstructures can be employed for modifying the vapour flow
beneath the drop, to reduce the temperature that is required to observe
the phenomena, or to create a force responsible for the movement of the
drop following a desired direction. The mechanisms responsible for these
effects have been investigated in papers C and D, respectively 1, 2.
7.1. The Leidenfrost effect
A liquid drop deposited over a surface, which is at a temperature sufficiently
above the liquid saturation point, does not experience a sudden boiling. In-
stead, the droplet floats over a vapor layer that prevents the droplet from
boiling. The vapor layer prevents contact between the liquid and the heated
surface, providing an effective thermal isolation of the droplet. This phe-
nomenon is known as the Leidenfrost effect, after Johann Gottlieb Leidenfrost,
who discussed the effect in a paper in 1756 [79]. When in this situation, the
droplet is not subjected to contact and friction with the solid and thus the
so–called “Leidenfrost state” is often considered as a perfect superhydrophobic
state. To reach such a state, the surface temperature has to be over a critical
value known as the Leidenfrost point (LFP) [79], which has been often related
and identified to the onset temperature for film boiling [80,110].
1Reproduced in part with permission from Arnaldo del Cerro, D. and Marín, Á.G. and
Römer, G.R.B.E. and Pathiraj, B. and Lohse, D. and Huis in ’t Veld, A.J. Leidenfrost
Point Reduction on Micropatterned Metallic Surfaces, Langmuir 28(42):15106-15110,
2012. Copyright 2012 American Chemical Society.
2Reproduced in part with permission from Marín, Á.G. and Arnaldo del Cerro D. and
Römer G.R.B.E. and Pathiraj, B. and Huis in ’t Veld A.J. and Lohse D. Capillary droplets
on Leidenfrost micro-ratchets, Physics of Fluids. 2012;24(12):122001-10. Copyright 2012
American Institute of Physics.
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The Leidenfrost effect is of relevance for practical applications. On the one
hand, the effect has a clear detrimental influence on heat transfer, and there-
fore has to be taken into account when using liquids to cool heated surfaces.
In this context, extensive theoretical & experimental research has been per-
formed in order to make predictions on the LFP, with the attendant difficulties
due to the amount of parameters involved. Experimental studies were mainly
focused on methods to increase the LFP of a system, which would give a wider
dynamic range for cooling applications. Several authors have reported that
the roughness of the surface substantially increases the LFP [80–82]. Tradi-
tionally, this was achieved by etching or sand blasting the surface, giving it
a random micro or nano–roughness. More recently, Kim et al. have studied
the effect of sparse surface micro–defects on the LFP and the stability of the
Leidenfrost state [83].
On the other hand, the effect can be interesting to study, as it provides a per-
fect hydrophobic state, lacking any contact with the surface. For this reason,
the droplet moves freely following the slope of the surface until it encounters
a geometrical obstacle. Recent studies with designed micro–patterned sur-
faces were able to control the movement of the Leidenfrost drop [87,111–113].
Other studies have used the Leidenfrost effect to reduce the drag of a heated
metallic object immersed in a liquid, achieving a reduction of drag coefficients
up to 40% [114]. Another potential application would be to use the effect as
a controlled droplet evaporation technique for evaporating complex droplets
e.g. to produce capsules on–demand [115]. For such applications it is therefore
interesting to find ways to reduce the LFP and be able to reach such a state
by using the least energy possible.
7.2. Surface microstructuring for decreasing the
Leidenfrost Point
Surface microstructuring has been shown to play a role in either stabiliza-
tion [84,116], or destabilization [83,117] of the vapour film sustaining a ‘‘Lei-
denfrost drop’’. Kim et al [83] reported a patterned surface which disturbed
the formation of the vapour film, promoting the nucleation of small bubbles at
the sharp edges of the microstructure, leading to higher LFP. Recently, Adera
et al [84] reported a transition to a non-wetting state of water droplets sitting
on top of hydrophilic microtextured surfaces, at temperatures slightly above
the saturation point, far below the LFP for the equivalent smooth substrate.
Hence, the formation of a vapour film capable of levitating a liquid drop can
be promoted or disturbed by the presence of a microstructure. A microstruc-
ture provides with surface cavities for the heterogeneous nucleation of vapour
bubbles. Bernardin and Mudawar [118] proposed a cavity activation model
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Figure 7.1.: Geometrical properties of surface cavities which are able to promote the
nucleation of a vapour bubble. A vapour bubble of radius R nucleates
on a surface cavity of the same radius, when the available overheat, Tash,
reaches a thickness y = R. The separation between active cavities, hd,
can be selected to study the formation of a stable vapour film below the
liquid droplet.
capable of predicting the LFP of rough substrates. This model can be em-
ployed to calculate the size of the cavities that are available for the nucleation
of vapour bubbles after a drop is in contact with a heated surface.
In the following, see section 7.2.1, this model is briefly summarized, and
subsequently employed to calculate the required size of the surface features
that can act as nucleation sites. Next, section 7.3, laser micromachining is
discussed as a tool for the creation of such surface cavities with sizes which
can promote the formation of vapour bubbles. Then, paper C includes an
extended analysis on the effect of laser microstructured surfaces on the LFP.
7.2.1. Film boiling and bubble nucleation on rough substrates
The first step in the formation of a vapour film on a rough substrate consists of
the heterogeneous nucleation of vapour bubbles in cavities of an adequate size.
In the model of Bernardin and Mudawar [118], the equivalent cavity radius
that is required for the nucleation of a vapor bubble, at a given temperature,
is first calculated. The temperature that is required for the heterogeneous
nucleation of a vapor bubble, is that providing sufficient gas pressure Pg to
overcome the Laplace pressure, see figure 7.1. The pressure drop across the
liquid–vapour interface is given by the Laplace equation,
Pg − Pf = 2γL
Rd
. (7.1)
where γL is the surface tension of the liquid, Rd is the radius of the vapour
bubble, Pg is the pressure in the vapour bubble and Pf is the pressure in
the liquid. The temperature required for the heterogeneous nucleation of a
bubble of radius R can be calculated by combining equation (7.1) with the
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Clausius–Clapeyron relation along the saturation line [119],∫ Pg
Pf
dP =
∫ Ts+∆Ts
Ts
λ
T∆vfg
dT. (7.2)
Solving this equation for T yields the required temperature for the hetero-
geneous nucleation of a vapour bubble,
Thet = Ts exp
(2γL∆vfg
Rdλ
)
, (7.3)
where ∆vfg is the change of the specific volume from the liquid to the
vapour phase, Ts is the saturation temperature and λ is the latent heat of
vaporization.
Next, the temporal temperature evolution of the liquid in contact with a
solid substrate can be described as a heat transfer problem between two semi–
infinite bodies [120]. The temperature of the liquid will increase from the
instant it is brought in contact with the surface until the instant at which a
vapour bubble can be formed. The available superheat at a given time, Tash,
can be expressed as
Tash = Ti + (Tf − Ti) erf
(
y
2
√
Df t
)
(7.4)
where Tf is the temperature of the liquid, y is the distance normal to the
solid surface and Df is the thermal diffusivity of the liquid and erf(·) is the
error function. The temperature at the interface, Ti, is given by the solution
to the one dimensional energy equation with semi–infinite body boundary
conditions [120],
Ti =
Ts
√
(κρcp)s + Tf
√
(κρcp)f√
(κρcp)s +
√
(κρcp)f
, (7.5)
where κ is the thermal conductivity, ρ is the density and cp is the specific
heat at constant pressure. The subindexes s and f indicate the properties of
respectively the solid and the liquid.
When an overheated liquid layer reaches a thickness y with a temperature
equal or above Thet, heterogeneous nucleation of a vapour bubble occurs. This
situation can be mathematically described by equating equations (7.4) and
(7.3), for a liquid layer of thickness y, when it equals to the radius R of the
bubble, see figure 7.1. It is therefore implicitly assumed that a spherical bubble
of radius R will nucleate at a surface cavity of the same radius, see figure 7.1.
The two roots of the equality Thet = Tash, yield the minimum and maximum
radii of surface cavities which are ‘‘active’’ for vapour nucleation at a specific
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Figure 7.2.: Temperature evolution of a water layer on a stainless steel substrate at
a surface temperature Ti=145◦C during the first 50µs. When the avail-
able superheat (solid lines) exceeds the required superheat (dashed line),
heterogeneous nucleation of vapour bubbles within a given range of radii
occurs.
time. To illustrate this numerically, figure 7.2 shows the temperature evolu-
tion of the overheated liquid layer up to 50 µs after a water drop is brought
in contact with a stainless steel surface. The later is assumed to be at a tem-
perature Ti=145 ◦C. It can be concluded from this graph that shortly after
the drop is brought in contact with the solid, any micrometric surface cavities
with sizes in the range of 1 to 25 µm, become activated.
Although these cavity dimensions may promote the formation of large vapour
bubbles, the formation of a vapour film capable of sustaining a liquid droplet
requires additional steps. Once the bubbles nucleate, they have to grow and
merge to form a film capable of levitating the droplet. If the cavity size distri-
bution is even across a surface, and bubbles nucleate at a time (same speed),
the formation of a stable vapour film can be promoted. Sparse defects of dif-
ferent sizes would have the opposite effect, as pointed out by Kim et al. [83].
7.3. Design of laser micromachined microstructures
for the Leidenfrost effect
The laser micromachining process allows for a quantitative study of the ef-
fects of a changing geometry on the temperature that is required to reach the
Leidenfrost point. This process can be employed to create ordered networks
of cavities with sizes which are adequate for the heterogeneous nucleation of
92 7. Surface microstructuring for the Leidenfrost Effect
Table 7.1.: Geometric dimensions and processing conditions of the metallic mi-
crostructures, micro–pillars (p) and micro–holes (h); maximum depth, µm;
center to center spacing, µm; average energy per pulse (Ep), µJ and pulse
to pulse spatial overlap, %.
Structure Depth, µm hd, µm Ep, µJ Overlap, %
h1 3 17 0.35 0
h2 6 17 0.35 0
h3 9 17 0.35 0
p1 10 17 0.35 96
p2 18 17 0.35 96
p3 26 17 0.35 96
vapour bubbles. In order to study the temperature that is required to reach
the Leidenfrost state, two different patterns were machined: a hatched pattern,
see figure 7.3(left), and a blind hole array, see figure 7.3(right).
The laser beam was focused on the surface and scanned across different areas
following two different machining strategies. First, the regular orthogonal
hatched pattern previously introduced in chapters 1 and 3 was used for creating
a pillar-like structure, see figure 7.3(left). The followed procedure was the same
as discussed in previous chapters.
Next, a blind hole array was created by increasing the scanning speed while
decreasing the laser repetition rate. This allowed for the spatial separation
of the laser pulses. A unidirectional hatched pattern was employed in this
case. The separation between the scanned lines, hd, was selected to match the
distance between the laser pulses along a track. As a result, a regular array of
blind holes emerges from the material removal process, see figure 7.3(right).
Both processes were repeated a number of cycles, to increase the depth of
the resulting microstructures. The processing conditions and geometry of the
resulting microstructures are summarized in table 7.1.
7.4. Experimental analysis
In order to investigate the effects of the created surface microstructures on the
formation and stabilization of a vapour film, the temperature dependence of
evaporation time and droplet shape was experimentally studied in paper C.
The temperature increment, relative to the boiling point, required to reach the
LFP was in addition investigated, for both the micro-pillar and the blind-hole
arrays.
A hybrid hydrophobic state was identified, at much lower temperatures than
the classical Leidenfrost temperature, in which the contact of the droplets with
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Figure 7.3.: CLSM images of a pillar-like structure (left top) and a hole array struc-
ture (right top) with their respective cross section profiles (bottom), cor-
responding to samples p2 and h2 listed in table 7.1.
the solid was substantially reduced. In such state, liquid drops vaporized at a
fixed location, without drifting along the surface in frictionless motion. The
reasons for the variation of the LFP on the microstructures are qualitatively
and quantitatively discussed in paper C employing a simple semi-empirical
model.

Paper C
Leidenfrost Point Reduction on
Micropatterned Metallic Surfaces
D. Arnaldo del Cerro, Á. Gómez Marín, G.R.B.E. Römer, B. Pathiraj,
D. Lohse and A.J. Huis in ‘t Veld
Langmuir 28(42): 15106-15110, 2012
Reproduced in part with permission from Arnaldo del Cerro, D. and
Marín, Á.G. and Römer, G.R.B.E. and Pathiraj, B. and Lohse, D. and
Huis in ’t Veld, A.J. Leidenfrost Point Reduction on Micropatterned
Metallic Surfaces, Langmuir 28(42):15106-15110, 2012. Copyright 2012
American Chemical Society.
URL: http://dx.doi.org/10.1021/la302181f
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Figure 7.4.: A self–propelled Leidenfrost drop on a heated ratcheted surface with
ratchet height L and periodicity Λ.
7.5. Self–propelled capillary drops on asymmetric
surface microstructures
A liquid drop sitting on an asymmetric ratcheted structure at a temper-
ature above the LFP moves in a preferential direction, which is given
by the orientation of the ratchets, see figure 7.4. In literature, different
mechanisms have been proposed for the thrust exerted on a Leidenfrost
drop on a heated ratchet. These models predict different scaling laws for
the force driving the motion, as a function of the size of the drop.
Surface microstructuring by picosecond laser pulses allows creating mi-
crostructures that can be employed for the study of this phenomenon, ex-
tending current analysis to include small capillary droplets. As such, laser
microstructuring can help falsifying or confirming the proposed mecha-
nism.
The vapour flow produced when a liquid drop approaches a surface at
a temperature above the LFP has been proposed to follow a preferred
direction, exerting drag on a Leidenfrost drop. As a result, the levitating
drop flows following a predetermined direction, which is dictated by the
geometry of the microstructure [87, 88]. Lagubeau et al. [87] proposed
a simple mechanism based on vapor flow rectification and mass conser-
vation, yielding a scaling law for the force F and the radius of the drop
Rd: F ∼ R3/2d . Shortly after, new observations brought a more sophisti-
cated mechanism: the vapor flow is responsible for the thrust, but due
to the viscous drag exerted over the surface of the drop, and not as a
direct consequence of the momentum conservation [88]. As a result, in
this case the force F scales with the volume of the drop, and therefore
F ∼ R3d.
Thermal creep has also been proposed as an alternative mechanism
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for the drop motion by Würger [121]. According to this model, the
asymmetric surface produces a net horizontal component of the creep
velocity [122]. That is, temperature gradients induce vapour movement
along the solid–gas interface, which propels the Leidenfrost drop. Based
on this approach, the force F scales as F ∼ R1.2d [121].
Laser microstructuring can be employed to create ratcheted microstruc-
tures with varying geometrical properties (height L and periodicity Λ),
see figure 7.4, for the study of the mechanisms propelling a Leidenfrost
drop. This approach is based on the development of a simple scaling
law, extending the analysis performed by Dupeaux et al. [88] to include
capillary drops. A capillary drop is characterized by a radius which is
smaller than the capillary length cl, given by cl =
√
γL/ρlg, where γL and
ρl are, respectively the surface tension and the density of the liquid. The
radius of a water capillary drop is of about 1.5 mm. Capillary drops can
be propelled by ratcheted substrates of micrometric size.
Viscous drag flow as potential mechanism
In paper D, the model developed by Dupeux et al. [88] is further elab-
orated to obtain scaling laws for the force exerted on drops of various
diameters, including the size of capillary drops. The idea behind the vis-
cous mechanism is the following: The vapor emanating from the bottom
of the droplet flows preferentially into the deeper parts of a ratchet, giv-
ing the droplet a net shear according to a preferential direction, which is
then given by the ratchet orientation. If the pressure below the drop re-
sults from the drop’s weight, the force F (s) exerted on the drop is shown
in paper D to be proportional to the squared radius of the drop as
F (s) ∼ ρlHdropgR2dθ, (7.6)
where Hdrop is the height of the drop and θ = arctan(L/Λ), with L
and Λ being the height and periodicity of the ratchet, respectively (see
figure 7.4). In the case of a capillary drop, the capillary pressure, which
is proportional to P ∼ γ/Rd, becomes stronger than the pressure exerted
by the weight of the droplet [123]. In this case, the thrust F (c) that is
exerted on a capillary drop is shown in paper D to scale as
F (c) ∼ γ c
2
l
Rd
θ (7.7)
Hence, in contrast with the result obtained for a large drop, the thrust
which is exerted on a capillary drop is shown to be inversely proportional
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Figure 7.5.: A layer by layer machining strategy for the creation of a micro–ratchet
with main geometrical parameters: ratchet periodicity, Λ, number of lay-
ers, nlayers, laser track separation within a layer, hd, layer to layer offset,
hdz0 and layer to layer relative vertical displacement, hdz.
to its radius. The relation between the pressure and the aspect ratio θ is
directly proportional in both cases.
The creation of microratchets which are capable of propelling both
capillary and larger heavy drops allows for an experimental investigation
of the mechanisms driving the propulsion of Leidenfrost drops.
7.6. Design of laser-generated micrometric ratchets
As can be concluded from the previous section, studying the motion of a
capillary drop over a heated microstructured substrate requires creating
surface features with an adequate geometry, in terms of the geometrical
parameters Λ and L, with sizes in the order or smaller than several tens
of micrometers. In order to propel capillary drops, the periodicity of
the ratchets Λ has to be sufficiently smaller than the diameter of the
drop, while their aspect ratio L/Λ should provide a measurable thrust,
according to equation (7.7). The model developed in the first part of this
thesis was employed to design and create a suitable machining strategy
that allows achieving a microstructure with an adequate geometry for
propelling (capillary) drops.
Ratchets can be achieved by a number of micromachining strategies. A
relatively simple layer by layer strategy was selected. That is, each layer
consisted of a unidirectional hatched pattern, containing several parallel
laser tracks, which removed thin slices of material. The main geometrical
parameters of this machining strategy are summarized in figure 7.5, and
further discussed below.
The parameters defined in figure 7.5 have to be considered simulta-
neously, as the final geometry results of their combined effects. The
100 7. Surface microstructuring for the Leidenfrost Effect
−140−120−100 −80 −60 −40 −20 0 20 40 60 80 100 120
−20
−10
0
x, µm
H
(x
,y
),
µ
m
hd = 11µm, Nl=6
hd = 6µm, Nl=2
(a)
−140−120−100 −80 −60 −40 −20 0 20 40 60 80 100 120
−20
−10
0
x, µm
H
(x
,y
),
µ
m
(b)
Figure 7.6.: Cross-sections of simulated surface profiles obtained after the following
processing conditions: peak incident fluence 0.43 J/cm2, laser pulses of <7
ps 515 nm, substrate is stainless steel (X5CrNi18-10). Pattern geometry
(a) (red line): hatch distance 6 µm, 2 laser cycles, (black line) hatch
distance of 11 µm, 6 laser cycles. Pattern geometry (b) hatch distance 6
µm, 2 and 3 laser cycles.
individual contribution of each parameter is discussed below, employing
the model developed in the first part of this work to illustrate the result-
ing geometry. The final selection of processing parameters is addressed
in the next section.
1. The track distance, hd, determines the ablated thickness per layer
and has an effect on the final roughness level of the ratchets. The
parallel laser tracks within a layer should be close enough to ob-
tained a reduced roughness. However, a too small value of hd results
into increased processing time and thicker slices of removed material
per laser cycle, which in turn reduces the accuracy of the material
removal process. Figure 7.6(a) shows simulation results illustrat-
ing the effects of changing the track separation on the geometry
of the final microstructure. Here, the number of laser cycles have
been accordingly adjusted to obtained structures with a comparable
aspect ratio. It can be observed that the simulated microstructure
with the smaller track separation has, in addition, a reduced surface
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Figure 7.7.: Cross-sections of simulated surface profiles of ratchets machined with
overlapping and shifted layers (a) and changing periodicity (b). Simu-
lated processing conditions: peak incident fluence 0.43 J/cm2, laser pulses
of <7 ps 515 nm, substrate is stainless steel (X5CrNi18-10). Pattern ge-
ometry (a) (red line): hatched at hd 10 µm, layer to layer shifting hdz
5 µm, number of laser cycles 6, (black line) hatched at 10 µm, layer to
layer shifting hdz 0 µm, number of laser cycles 6. Pattern geometry (b):
hatched at hd 10 µm, layer to layer shifting hdz 5 µm, number of laser
cycles 6, surface profiles with changing periodicity Λ of 160 and 80 µm,
red and black solid lines, respectively.
roughness.
2. Number of cycles. Increasing the number of times a selected strat-
egy is repeated allows increasing the aspect ratio of the ratchets.
The latter is known to affect the force exerted on the drops, see
equations (7.6) and (7.7). Figure 7.6(b) shows the increased aspect
ratio of two ratchets machined with 3 and 6 laser cycles, respec-
tively.
3. Layer to layer relative displacement, hdz. The relative position be-
tween layers determines the vertical overlap between tracks of con-
secutive layers. If the tracks from consecutive layers fall exactly
on top of each other, the resulting surface roughness is the largest.
Changing the relative orientation of the tracks between layers allows
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Figure 7.8.: Cross-sections of simulated as well as measured surface profiles of ratchets
machined with overlapping (a) and shifted layers (b). Simulated process-
ing conditions: peak incident fluence 0.43 J/cm2, laser pulses of <7 ps
515 nm, substrate is stainless steel (X5CrNi18-10). Pattern geometry
(a): hatched at hd 10 µm, layer to layer shifting hdz 0 µm, number of
laser cycles 6. Pattern geometry (b): hatched at hd 10 µm, layer to layer
shifting hdz 5 µm, number of laser cycles 6.
decreasing the roughness. Figure 7.7(a) shows a micro-ratchet ma-
chined with 100% vertical overlap between laser tracks, hdz=0, from
consecutive layers (solid black line), and the effects of displacing the
laser tracks 50%, hdz=hd/2 (solid red line). It can be observed that
the resulting roughness significantly decreases when displacing the
laser tracks, while the number of layers and laser tracks per layer
remains constant. Figures 7.8(a) and (b) show an additional com-
parison between simulated and measured surface profiles, for hdz =
0 (a), and for hdz = hd/2, (b).
4. Periodicity, Λ. As discussed before, a sufficiently small periodic-
ity allows propelling small capillary drops. A fixed periodicity of
150 µm was selected as it was experimentally found to provide a
sufficient thrust for capillary droplets of diameter of about 1.5 mm,
see paper D.
5. Number of layers per ratchet, NL. This parameter is given by the
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Figure 7.9.: CLSM micrographs of the laser micromachined ratchets on a stainless
steel (X5CrNi18-10) substrate. Processing conditions: peak incident flu-
ence 0.43 J/cm2, laser pulses of <7 ps, 515 nm. Pattern geometry:
hatched at 10 µm, layer to layer shifting hdz 5 µm. Number of laser
cycles: 9, 6 and 3, (a), (b) and (c), respectively.
periodicity and the track distance as NL = Λ/hd.
6. Layer to layer offset, hdz0. This parameter is given by the periodicity
and the number of layers as hdz0 = Λ/NL.
Parameter selection
The selected machining strategy consisted of employing successive layers
which were vertically displaced 50%, to prevent the vertical overlap of
the laser tracks from successive layers, and reducing thus the resulting
roughness, see figure 7.7. The hatched distance hd was fixed at 10 µm.
The periodicity of the ratchets was selected to be 150 µm, which is an
order of magnitude below the typical size of a capillary drop. The number
of laser cycles was selected to be 3, 6 and 9, which resulted in ratchets
with increasing aspect ratios, see figure 7.9. This machining strategy
allows obtaining micrometric ratchets, which were experimentally shown
to propel capillary drops with increasing force FR as the aspect ratio
increases, see paper D.
Table 7.2.: Geometrical characteristics of the laser micromachined ratchets on a stain-
less steel (X5CrNi18-10) substrate. Processing conditions: peak incident
fluence 0.43 J/cm2, laser pulses of <7 ps, 515 nm. Pattern geometry:
hatched at 10 µm, layer to layer shifting hdz 5 µm. Number of laser
cycles: 9, 6 and 3, respectively.
Pattern Average Average Aspect ratio
height, L µm period Λ, µm L/Λ
A 34 144 0.24
B 17 145 0.12
C 10 144 0.07
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7.7. Experimental analysis
Ratchets with increasing aspect ratios were machined on a stainless steel
X5CrNi18-10 substrate by the procedure described in the previous sec-
tion. By properly adjusting the laser conditions, three samples with
increasing aspect ratios with a fixed periodicity were obtained, see fig-
ure 7.9. The surface profile of the resulting microstructures was measured
by CLSM, and the main geometrical characteristics are listed in table 7.2.
Paper D includes a study of the motion of droplets of different radii
in terms of speed and acceleration. High speed camera recordings of the
trajectory of the droplets along a ratchet were performed at increasing
temperatures, at typical recording speeds of 1000 fps, on ratchets of at
least 4 cm long. The recorded images were processed to obtain data on
position of the drop and time, allowing for a direct calculation of velocity
and acceleration. Next, the force exerted on the droplets was calculated.
The experimental data presented in paper D support the viscous mech-
anism as the main contributor to the droplet propulsion on the Leiden-
frost ratchets. Laser micromachining with picosecond pulses has there-
fore been shown to be able to reproduce adequate geometries for the
study of the Leidenfrost effect on capillary droplets.
Paper D
Capillary droplets on Leidenfrost
micro-ratchets
Á. Gómez Marín, D. Arnaldo del Cerro, G.R.B.E. Römer, B. Pathiraj,
A.J. Huis in ‘t Veld and D. Lohse
Physics of Fluids 24(12): 122001-122010, 2012
Reprinted with permission from Marín, Á.G. and Arnaldo del Cerro D.
and Römer G.R.B.E. and Pathiraj, B. and Huis in ’t Veld A.J. and Lohse
D. Capillary droplets on Leidenfrost micro-ratchets, Physics of Fluids.
2012;24(12):122001-10. Copyright 2012, American Institute of Physics.
URL: http://dx.doi.org/10.1063/1.4768813
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8.1. Conclusions
Laser micromachining of metals with picosecond laser pulses has been
shown to be an adequate tool for the creation of microstructures with
applications in microfluidics. The material removal process by short laser
pulses allows adjusting key geometrical parameters of a microstructure,
which permits the investigation of some of the mechanisms responsible
for the fluidic functionalities.
Part I. Surface micro-structuring with short laser pulses
With respect to the first research question, ‘‘is it possible to predict,
for given processing conditions, the resulting geometry of the surface of
a substrate?’’, stated in chapter 1, the model developed in chapter 3
allows the calculation of the surface profile obtained after given laser
processing conditions. The accuracy of the procedure suffices for the
prediction of variations in the resulting microstructure, when changes in
the machining strategy are introduced, see section 4.6.
The range of application of the model was experimentally determined,
for a selected substrate (stainless steel X5CrNi18-10) and a picosecond
laser source. First, it was shown that the average ablated depth per pulse
remains constant at typical values around 20 nm/pulse, for a certain
number of applied pulses, of about 500, at moderate fluence levels, below
0.8 J/cm2. This linearity, together with the assumption of negligible
effects caused by residual energy accumulation, allowed the simulation of
a multi-pulsed process and, as a result, the calculation of surface profiles
given the processing conditions.
Next, an extended experimental analysis revealed the applicability of
the model for the simulation of microstructures, obtained after processing
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with partially overlapping laser pulses, which were arranged according to
a predefined machining strategy. The model was shown to accurately
reproduce surface microstructures with a maximum depth of about 20
µm, with a maximum relative error of 8%, when compared to experi-
mental values. The experimental data also showed that the multi-pulsed
material removal process is linear with the number of applied laser pulses
even at a pulse repetition rate of 400 kHz.
As demonstrated in chapter 4, processing with moderate fluence levels
leads to surface profiles with a controllable geometry. That is, because of
the relatively thin layers that are removed by a laser pulse at these fluence
levels, the surface profile can be controlled with a high accuracy. This
has been achieved by properly adjusting the micromachining strategy,
e.g., by changing parameters such as the number of applied laser cycles
and the laser track separation.
Part II. Laser-generated functional microstructures
With respect to the second research question, ‘‘what knowledge can be
gained regarding the interaction of a fluid with a microstructured surface
obtained by laser processing?’’, stated in chapter 1, several fluidic func-
tionalities have been related to the geometry of the created microstruc-
tures. The geometry which is required to gain a functionality was first
investigated. Then, the model developed in chapter 3 was employed to
find a suitable laser machining strategy leading to the functional surface.
Next, the mechanisms leading to these functionalities have been studied
and clarified.
In chapter 6 and in papers A and B, it has been shown that a laser-
generated superhydrophobic surface can be created by combining certain
laser processing conditions and the application of a suitable hydrophobic
coating. It was shown that a minimum of 50 laser cycles were required
to achieve the superhydrophobic effect, when a hatched pattern with a
track separation varying from 14 to 24 µm was employed. Further, a
laser-generated superhydrophobic surface was shown to successfully act
as a functional anti-ice substrate under certain conditions, providing that
sufficient water repellent functionality was achieved.
In chapter 7, as well as in paper C, an ordered network of laser-
generated microcavities, with radii varying between 1 and 25 µm, was
shown to decrease the temperature required to achieve the Leidenfrost ef-
fect. Further, the viscous mechanism for the motion of a Leidenfrost drop
on a heated microratchet was supported experimentally in chapter 7 and
paper D, by employing laser-generated microratchets with periodicities
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of about 150 µm and aspect ratios varying from 0.07 to 0.24.
8.2. Future work
Part I. Surface micro-structuring with short laser pulses
The model introduced in this work relies on a calibration procedure for
the calculation of an ablated profile. It would require further research into
the mechanisms leading to material removal by laser ablation in order
to calculate ablated profiles based on the laser pulse intensity profile
and material properties. Current combined modelling approaches, based
on e.g. the two-temperature model and molecular dynamic simulations,
as introduced in chapter 2, give the best opportunity to describe the
ablation process. However, the limitations of these models in terms of the
size of the system that can be modelled in a reasonable time, due to the
computational power that is required, greatly reduce their applicability
for the simulation of surface profiles.
The moderate pulse energy that is required to ensure processing within
the optical ablation regime, see section 2.2, implies that most of the avail-
able energy of a modern laser source is not used for material removal. In
order to fully exploit the available energy, parallel processing is recom-
mended. This for example consists of dividing the beam into multiple
beams, (e.g. by diffractive optical elements) for beam splitting and par-
allel processing, or by adjusting the beam intensity profile with a spatial
light modulator. This will increase the throughput, which is currently
one of major limitations towards industrial implementation of laser mi-
cromachining with picosecond laser pulses.
Further, the experimental analysis of the ablation process introduced
in chapter 4, suggests that laser spots showing a uniform fluence dis-
tribution, just below the transition into the thermal regime, should be
optimal for the material removal process. The pulse intensity profile can
be adjusted to obtain such a distribution. As discussed above, employing
arrays of laser spots, or the use of cylindrical lenses for focusing a beam
into a line, instead of a circular spot, allows to keep the peak incident
fluence within adequate values, while employing a higher percentage of
the available energy per pulse.
The temporal separation between consecutive laser pulses has been
shown to have a negligible effect on the generated microstructures, for
the material/laser processing conditions studied in this work. As a con-
sequence, the repetition rate of the laser source could be increased to
increase the throughput. Laser sources with pulse duration in the pi-
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cosecond or femtosecond regime, providing moderate to low energy per
pulse and (therefore) high repetition rates, are recommended for high
precision laser micromachining. However, modern laser sources provide
repetition rates in the MHz regime, where the effect of heat accumulation
on the ablated depth per pulse might not be negligible. The effect of heat
accumulation requires additional study. Operating at higher repetition
rates, may result in a significant contribution of inter-pulse effects, mainly
due to heat accumulation, which are expected to contribute to the mate-
rial removal process. This contribution cannot be accounted for with the
calibration procedure described in this work. Therefore, an alternative
method, that takes in consideration the time between laser pulses, would
be required to correctly describe the ablated depth. This may consist
of, for example, measuring the depth profile of laser tracks scanned at a
certain pulse repetition rate and spatial pulse to pulse overlap.
The model developed in chapter 3 allows an accurate calculation of
the surface profile for relatively shallow microstructures, up to a depth
of about 30 µm. As a microstructure becomes deeper, the accuracy is lost
due to several physical phenomena, which were introduced in section 3.6.
Advantage could be taken from a model capable of calculating deeper
structures, e.g., for hole drilling. To this end, further research into the
effects of multiple reflections within a microstructure, or the absorption
of laser energy by the ejected material, is required.
As shown in section 3.2.1, the one-dimensionality of the ablation pro-
cess suits well for an extended analysis of the material removal pro-
cess employing ray-tracing techniques, which can reveal areas exposed to
multiple reflections. The calibration procedure described in section 4.4
should then be updated, to relate values of local absorbed fluence to the
corresponding ablated depth. This correction is not taken into account
with the present approach, and can be employed as an extension for the
simulation of deeper microstructures.
Additional mechanisms for material removal, which are related to the
formation of a plasma in deep holes, could be included for an improved
description of the material removal process. The effects of particle shield-
ing and plasma formation can also be reduced by employing appropriate
shielding gases, or by the flow of a thin liquid film on the surface, which
will enhance the dilution of the particle cloud in the interaction volume,
and the chances of plasma ignition. Alternative machining strategies can
also reduce the interaction of the laser pulse with a particle cloud, by
simply redistributing the laser pulses across the area to be processed,
ensuring that there is sufficient time between pulses arriving at a given
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location on the surface.
Part II. Laser-generated functional microstructures
From the point of view of microfluidics, an extended analysis of process-
ing conditions can be performed to obtain substrates with novel function-
alities. For example, processing superhydrophobic surfaces with smooth
and rough peaks, see section 6.4, allows creating patterns with contrast-
ing (super)hydrophobic/hydrophilic patterns. These patterns can be ex-
ploited for accurate positioning of small droplets of aqueous solutions, for
e.g. self-assembling of macromolecules or immobilization of functional
materials, or for controlling the liquid flow on a patterned substrate.
Further, advantage can be taken from the variety of materials that can
be processed with short laser pulses. Virtually any material (ceramic,
polymeric and metallic) can be processed by a proper selection of pulse
characteristics [9]. The applicability of the model can be investigated
and extended by analyzing the morphology of a ceramic or polymeric
substrate exposed to an increased number of laser pulses. This would
allow the prediction of suitable geometries for the creation of superhy-
drophobic surfaces directly on hydrophobic substrates, avoiding the use
of top hydrophobic coatings.
The material removal process by short laser pulses employed in this
work leads to up-concave surface profiles, due to the normal incidence
of the laser beam with respect to the substrate. Advance beam guiding
techniques could be developed for positioning the laser beam at an ar-
bitrary angle of incidence, allowing material removal from the “sides” of
a generated microstructure. This could be exploited for the creation of
surface profiles showing re-entrant curvatures, which have been shown
to provide oleophobic properties. An alternative method for the cre-
ation of re-entrant curvatures would be developing 3D micromachining
processes. These could consist of, e.g., a local modification generated
by focusing the laser beam into a small volume in a semi-transparent
material. This modification can be subsequently selectively etched by a
chemical reagent [124].
The study of the Leidenfrost point reduction can be extended by cre-
ating networks of cavities with varying interconnectivity. The creation
of sparse cavities may lead to a destabilization of the vapour film, pro-
moting a higher Leidenfrost point, while an increased interconnectivity of
the surface features should have the opposite effect. Further investigation
of the Leidenfrost point of microstructures with varying spacings would
therefore give additional information on the role of the shape and inter-
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connectivity of the cavities on the reported decrease of the Leidenfrost
point.
Smaller focal spots can be employed to investigate the role of micro-
cavities as heterogeneous nucleation sites, to determine whether the mi-
crocavities contribute to the stabilization of the film, by enhancing bub-
ble merging or by actually acting as nucleation sites. Near-field laser
nanomachining by means of microspheres can be exploited to create nu-
cleation sites with submicrometer size [125].
Extended research on microstructured surfaces can also be of inter-
est for enhancing recently proposed drag reduction mechanisms [126] by
taking advantage of the Leidenfrost state found at lower temperatures.
The self-propelling properties of a liquid on a micratcheted substrate
are of special interest in microfluidics. Micrometric sized droplets can
be directed to desired locations in microfluidic devices. From this point
of view, it would be interesting to investigate more complex ratcheted
patterns, in which the direction of the accelerated droplets is given by the
design of the microstructure. The combination of asymmetric (ratcheted)
and symmetric (arrays of pillars and blind holes) microstructures may
provide a promising solution for the transport and controlled evaporation
of colloidal or polymer droplets, to create solid micro/nanoparticles or
complex particles (capsules, janus..., etc.) on selected locations on a
surface.
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Appendices

Appendix I
Mean ablated profile calculation
Experimental data on ablated profiles as presented in section 4.3 were
acquired by means of CLSM. In order to reduce the measurement noise
of the data, several ablated profiles, machined under identical conditions,
were averaged. Each raw data set consisted of a matrix of 550 by 550
pixels, containing height information at each location h(x,y). The first
moment of each image (x¯, y¯) was calculated and employed for centering
the surface profiles, according to
x¯ =
∫ ∫
x h(x, y) dxdy∫ ∫
h(x, y) dxdy y¯ =
∫ ∫
y h(x, y) dxdy∫ ∫
h(x, y) dxdy . (1)
An average surface profile was obtained by averaging the height of a
given number of surface profiles, centered at (x− x¯, y − y¯). A minimum
of 5 independent measurements were employed for each experimental set
of laser processing conditions.
Surface profile smoothening by weighted robust local linear
regression
In order to follow the evolution of an ablated profile, as the number of
applied pulses increases, a smooth curve was fitted to the experimental
data, see for example figure 4.3 on page 46. The data sets of ablated pro-
files were processed in a way that each experimental point was replaced
by a calculated smooth value. The calculated smooth value was obtained
by performing a weighted linear surface regression, using neighbour data
points falling within a selected span. The weights wi for each data point
were calculated as
wi =
1− ∣∣∣∣∣x− xid(x)
∣∣∣∣∣
3
 , (2)
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Figure 1.: Cross section of a calculated smooth profile (solid red line), compared to
the raw (not averaged) data (circles), of a laser generated ablated profile.
Processing conditions: 200 laser pulses at peak fluence of 0.52 J/cm2, 515
nm and pulse duration < 10 ps.
where x is the value to be smoothed, xi are the collection of points
falling within the span, and d(x) is the distance from x to the most distant
data point within the interval determined by the span. In this way, data
points that are close to the point to be smoothened have weights close
to one, while distant points have less influence in the weighting.
Next, a weighted linear least-squares regression was performed, using
a second degree polynomial. The smoothed values are obtained by eval-
uation of the weighted local regression at each location. By properly
selecting the span, which was set to 10% of the total number of data
points, the resulting fitting curve becomes smoother without deviating
from the data point set. A cross section of the calculated smooth profile,
compared to the raw (not averaged) data, is shown in figure 1.
Appendix II
Physical properties of selected materials
Table 1.: Thermal and physical properties of selected materials: ρ mass density; cp
specific heat; κ thermal conductivity; D thermal diffusivity; Tm melting
temperature. Data obtained from [14].
Material ρ, cp, κ, D · 10−4, Tm,
(kg/m3) (J/kg K) (W/m K) (m2/s) (K)
Al 2700 900 237 1.03 933
Ni 8900 440 89 0.24 1727
Mo 10200 260 137 0.52 2887
SS302 8030 500 15 0.04 1712
Table 2.: Electronic properties of selected materials: g electron phonon coupling
strength; Ae electron specific heat constant; κe0 electron heat conductivity;
cl lattice volumetric heat capacity. Data for Mo and Ni obtained from [16].
Data for Al obtained from [127].
Material g, Ae, κe0, cl · 106,
(W/m3 K) (J/m3 K2) (W/m K) (J/m3 K)
Al 56.9 135 238 2.43
Ni 36 1065 91 4.1
Mo 13 350 135 2.8

Appendix III
Numerical calculation of surface areas
In order to obtain the parameters r, rf and f in equations (6.2) and (6.3),
see page 71, the surface area of a micro-structure has to be determined
numerically. The method employed in this work to calculate this area is
based on triangulation, which suits for smooth surfaces with uniformly
spaced points (x, y, z). This is a fast and simple method that suits for the
calculation of areas of multiple micro-structures, whose shape cannot be
analytically described. The surface is divided into quadrilaterals, which
are defined by 4 equally spaced consecutive points in the (x, y) plane,
and then divided into 2 triangles. The area of each triangle is calculated
from its defining vectors ~u and ~w, see figure 2, and subsequently summed
up. Calculating the surface area above a certain height level, consists of
adding the areas of the quadrilaterals whose average height falls above
the solid–liquid–vapour contact line (see section 6.5).
The area A of each triangle is given by half the magnitude of the cross
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Figure 2.: Numerical calculation of surface areas.
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Figure 3.: Numerical and analytical calculation of surface areas. Left: analytical
(solid line) and calculated (circles) surface areas of hemispheres with radii
ranging from 2 to 25 µm. Right: relative error between analytical and
numerical calculations.
product of its defining vectors, that is A = 12‖~u × ~w‖. The (x, y, z)
coordinates of each vertex of the triangle are known, so the total area of
a quadrilateral, AT , is simply given by AT = A1 + A2, where A1 and A2
are calculated according to
A1 =
1
2
√
(dxdy)2 + (dx(z3 − z1))2 + (dy(z2 − z1))2 (3)
A2 =
1
2
√
(dxdy)2 + (dx(z4 − z3))2 + (dy(z2 − z4))2, (4)
where dx and dy are the separation between equally spaced points in
the (x, y) plane, and z1−4 are the z coordinates of each of the points
defining a quadrangle.
The accuracy of the numerical calculation was evaluated by performing
a direct comparison of numerically and analytically calculated surface
areas of a perfect shape. Hemispheres of increasing radii, in the same
range of sizes of the simulated peaks, were employed. The range of radii
was selected from 2 to 25 µm, for a unit cell with a number of pixels (size)
of 60×60, which corresponds to the narrowest simulated track separation
(12µm), in section 6.5. Hence, the comparison was made for the unit cell
for which the model was employed at its lower resolution.
Figure 3 shows the results of the comparison. As can be observed,
the absolute values of numerical and analytical surface areas take similar
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values for the selected range of radii, figure 3(left), while the relative
error remains below 5% for that range, figure 3(right).
An accurate estimate for the surface area can also be computed by
fitting the surface to a cubic spline interpolant. The surface area of the
interpolant can be evaluated with high accuracy employing numerical
integration. The area A of the interpolant is calculated as
A =
∫ ∫
W
√√√√1 + (∂H(x, y)
∂x
)2
+
(
∂H(x, y)
∂y
)2
dxdy, (5)
where H(x, y) is the calculated surface profile, and W is the wet area,
given by the location of the solid-liquid-vapour interface. The difference
between the calculated wet areas, when employing the fast triangulation
and the spline curve, is less than 1% (230 µm2 for the triangulation vs.
232 µm2 for the spline, when a surface area above a projected square of
75 by 75 pixels in the xy plane is measured). Therefore, the numerical
approach, based on the fast triangulation algorithm, is considered to
provide sufficient accuracy for the employed modelling conditions.
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